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Since  the  late  1980’s  the  San  Juan  Basin  (Basin)  of  southwestern  Colorado  and  northwestern  New  Mexico 
has  become  a  progressive  center  of  coalbed  methane  development  from  the  Fruitland  Formation.  Earlier 
development  in  the  Basin  concentrated  on  production  from  conventional  reservoirs,  notably  the  Cretaceous 
sands  of  the  Mesaverde  Group  and  Dakota  Formation.  While  coalgas  was  known  to  be  present  within  the 
coals  of  the  Fruitland  Formation,  incentives  and  technology  to  extract  the  methane  gas  were  not  previously 
available. 

The  coalbed  methane  (CBM)  reservoir  is  different  than  conventional  natural  gas  reservoirs  m  that  coalbed 
methane  is  stored  adhered  to  the  surfaces  of  the  coal  itself,  rather  than  merely  in  pore  spaces.  Production 
rates  are  complexly  tied  to  the  existence  of  water  in  the  reservoir  and  to  water  production  from  the 
reservoir.  The  liberation  of  coal  gas  is  greatly  enhanced  by  the  removal  of  formation  water,  which  reduces 
hydrostatic  pressure  within  the  reservoir.  Water  production  is  generally  greatest  at  the  onset,  and  declines 
over  a  period  of  three  to  six  years,  although  a  few  wells  continue  to  produce  relatively  large  amounts  of 
water  for  an  extended  period.  Cumulative  water  production  from  all  CBM  wells  in  the  Colorado  portion  of 
the  Basin  has  reached  approximately  one-quarter  billion  barrels  as  of  mid-year  1999.  Development  of 
CBM  wells  on  320-acre  spacing  in  the  San  Juan  Basin  peaked  around  1991  due  to  specifications  of  the  non- 
conventional  fuel  (Section  29)  tax  credit.  Water  production  from  CBM  wells  m  the  Colorado  portion  of  the 
Basin  peaked  m  late  1993,  and  gas  production  is  probably  near  its  peak  today  (1999). 

During  the  1990’s  several  environmental  situations  of  concern  potentially  related  to  CBM  development 
were  noticed.  These  include  the  apparent  exacerbation  of  some  pre-existing  gas  (methane  and  hydrogen 
sulfide)  seeps  and  the  recognition  of  newly  identified  gas  seeps  along  Fruitland  Formation  coal  outcrops 
and  subcrops.  In  some  locations  the  alignment  of  recent  vegetation  mortality  is  comcident  with  coal 
outcrops.  At  these  locations  the  soil  gas  was  found  to  be  predominantly  comprised  of  methane  and  largely 
depleted  of  the  oxygen  needed  for  plant  root  subsistence.  A  lowering  of  groundwater  levels  has  occurred  in 
some  coal-sourced  domestic  water  wells  and  coalbed  water  monitoring  wells.  Coal  fires  have  been 
documented  at  several  locations  within  specific  coal  seams  of  the  Fruitland  Formation  along  the 
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northwestern  Basin  rim.  These  environmental  situations,  recognized  since  the  early  1990  s,  are  concurrent 
with  CBM  production  from  the  Fmitland  coalbeds  in  the  Northern  San  Juan  Basin.  In  a  recent  report  on 
environmental  monitoring  in  the  Northern  San  Juan  Basin  (Oldaker,  1999),  a  correlation  between  down-dip 
production  from  Fmitland  coalgas  wells  and  bottom  hole  pressure  decreases  at  Basin  rim  shut-in  gas  wells 
and  water  monitoring  wells  was  termed  probable.  What  is  not  clear  is  the  degree  to  which  coalbed 
methane  production  may  have  induced  or  exacerbated  pre-existing  situations,  and  if  related,  which  CBM 
well(s)  contribute  to  a  specific  situation. 

The  Basin  is  geologically  complex  with  discontinuities  in  individual  coal  beds,  heterogeneity  of  coal 
character,  faults  and  fracture  systems  in  the  subsurface,  and  depositional  and  stractural  anomalies.  The 
pattern  of  precipitation,  and  hence  recharge,  is  irregular  across  the  Basin.  The  mechanics  of  the  system 
present  a  difficult  challenge  to  interpret  and  apply  to  hydrologic  and  reservoir  models  of  the  Basin.  Years 
may  pass  before  a  full  understanding  is  achieved.  The  capability  does  not  currently  exist  to  predict  the  next 
area  a  problem  might  arise  or  to  mitigate  an  existing  seep. 

Public  safety  and  ironmental  effects  are  related  concerns.  Numerous  studies  contmue  to  evaluate  and 
monitor  changes  u.  die  land  and  water  that  could  be  associated  with  coalbed  methane  production  from  the 
Fmitland  Formation.  These  studies  include:  soil  gas  monitoring,  reservoir  pressure  monitoring  of 
individual  coalbeds,  water  chermstry,  water  level  monitoring  in  individual  wells,  field  mapping  of  coalbeds, 
reservoir  and  hydrologic  system  modeling,  near  and  thermal  infrared  aerial  photographic  monitonng  of 
stressed  vegetation  and  coal  fires  respectively,  data  logging  of  soil  temperature,  and  radio-active  and  stable 
isotope  determinations  of  domestic/produced  water  and  gas  compositional  elements. 

The  Bureau  of  Land  Management,  the  Colorado  Oil  and  Gas  Conservation  Comrmssion,  the  Southern  Ute 
Indian  Tribe  and  members  of  the  oil  and  gas  industry  have  agreed  to  fund  and  support  further  analysis  of 
impacts  potentially  associated  with  natural  gas  development  within  the  San  Juan  Basin  of  Colorado. 
Entitled  the  3M  Project,  this  analysis  includes  mapping  and  monitonng  the  Fmitland  coal  outcrop, 
modeling  the  coalbed  methane  reservoir  and  related  hydrologic  system  of  the  San  Juan  Basm  north  and 
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west  of  the  San  Juan  River,  and  projecting  flows  of  gas  and  water  movement  that  could  be  anticipated  given 
various  production  scenarios.  Potential  pilot  projects  for  mitigation  are  currently  under  consideration. 

Some  steps  toward  mitigation  of  seeps  and  coalbed  fires  may  be  initiated  in  the  near  future.  Results  of 
these  efforts  should  provide  invaluable  data  that  may  subsequently  be  used  to  mitigate  undesirable  effects 
caused  or  exacerbated  by  the  development  of  the  coalbed  methane  resource. 

Since  an  understanding  of  the  nature  and  severity  of  San  Juan  Basin  rim  impacts  conceivably  related  to 
Fruitland  coalgas  is  incomplete,  further  infill  drilling  development  proposals  in  the  Ignacio-Bianco  Field 
are  being  carefully  evaluated  relative  to  the  known  facts  and  current  assumptions.  Considering  recent 
indications  of  deteriorating  conditions  at  specific  sites,  applications  for  additional  gas  wells  (especially  gas 
wells  to  be  drilled  in  proximity  of  the  Basin  rim)  will  be  carefully  reviewed  with  due  respect  to  potential 
impacts  manifested  at  the  Basin  rim  coalbed  exposures. 
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1.  INTRODUCTION 


The  Bureau  of  Land  Management  (BLM)  Vision  for  the  Future  (as  stated  in  the  1998  annual 
report)  is  to  “provide  for  a  wide  variety  of  public  land  uses  without  compromising  the  long 
term  health  and  diversity  of  the  land  and  without  sacrificing  significant  natural,  cultural,  and 
historical  resource  values”.  The  Director’s  letter  goes  on  to  state,  “We  seek  close 
partnerships  with  state  and  local  governments,  Indian  tribes,  other  Federal  agencies,  and  all 
of  our  publics,  as  we  embrace  a  process  that  addresses  all  of  the  physical,  biological, 
economic,  and  social  aspects  of  land  and  resource  management... guided  by... a  vision  that 
emphasizes  public  land  health  and  preservation.” 

The  BLM  San  Juan  Field  Office  is  the  regulatory  agency  responsible  for  preserving  the  health 
of  Federal  public  lands  in  southwestern  Colorado,  while  regulating  responsible  resource 
development  and  serving  Southern  Ute  Indian  'Tribal  mineral  interests  under  the  trust 
responsibility  delegated  by  Congress.  This  paper  focuses  on  the  issues  currently  facing  the 
San  Juan  Field  Office  that  relate  to  Fruitland  coalbed  methane  production  and  conceivably 
associated  environmental  implications.  This  document  will  be  foundational  for  documenting 
historical  evidence  regarding  CBM  development  in  the  northern  San  Juan  Basin.  It  will  also 
serve  as  a  basis  for  interim  decisions  concerning  gas  well  drilling  on  both  Federal  and  Indian 
mineral  leaseholds  xmtil  basin  hydrology  and  reservoir  modeling  provide  forecasting 
scenarios  that  will  facilitate  development  planning.  It  informs  the  public  of  current  theories 
linking  Fruitland  Basin  production  to  Fruitland  outcrop  impacts.  It  provides  a  basis  for 
discussion  and  determination  of  the  type  and  timing  of  National  Environmental  Policy  Act 
(NEPA)  documentation  necessary  to  address  impacts  (both  at  current  spacing  and  potential 
infill  drilling).  Finally,  this  paper  documents  the  need  to  consider  prudent  outcrop  responses 
including  the  issues  of  private  property,  ofi’-lease  impacts,  possible  mitigation  solutions 
including  cost,  responsibility  and  liability. 
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While  the  Fmitland  Coalbeds  were  known  to  contain  significant  gas  reserves,  the 
understanding  and  technology  of  producing  that  gas  was  not  available  to  earher  gas  well 
developers.  Therefore,  the  stratigraphically  shallower  Fruitland  coals  had  been  penetrated 
in  the  early  days  of  gas  exploration  in  the  Basin,  but  bypassed  in  preference  to  deeper 
geologic  horizons  offering  conventional  gas  reservoirs  that  more  readily  yielded  the  natural 
gas  resource.  The  development  of  imconventional  coalbed  methane  in  the  Fruitland 
Formation  of  the  Northern  San  Juan  Basin  (Basin)  in  Colorado  began  in  earnest  in  the  late 
1980s.  This  paper  presents  highlights  of  coalbed  methane  development  history  and 
associated  issues  in  the  Northern  San  Juan  Basin,  Colorado.  This  development  has  been 
administered  by  the  overlapping  jurisdictions  of  the  Bureau  of  Land  Management  (BLM), 
Bureau  of  Indian  Affairs  (BIA),  Southern  Ute  Indian  Tribe  (SUIT),  Colorado  Oil  and  Gas 
Conservation  Commission  (COGCC),  and  to  some  extent  La  Plata  County. 

This  paper  also  presents  and  documents  recent  environmental  problems  associated  with 
coalbed  methane  production.  Unlike  conventional  reservoirs,  where  methane  gas  is  stored  in 
the  pore  spaces  of  the  formation,  considerable  coalbed  methane  is  stored  on  (adsorbed  to) 
the  surfaces  of  the  coal  matrix  and  is  not  free  to  migrate  until  pressure  is  relieved.  Even  in  the 
coalbeds,  though,  some  free  gas  is  present  in  pore  space  and  may  collect  in  typical  structural 
traps.  In  general,  hydrostatic  head  provides  the  pressure  that  keeps  the  majority  of  the 
coalgas  adsorbed.  Once  coalbed  gas  is  liberated  by  the  withdrawal  of  water  reducing  the 
hydrostatic  head,  the  methane  (estimated  at  over  50  trillion  standard  cubic  feet  (TSCF)  in  the 
Fruitland  Coalbeds)  is  free  to  migrate.  Inadequately  cemented  conventional  gas  well  bores 
and  extraction  of  produced  water  from  coalbed  methane  (CBM)  wells  are  suspected  of 
contributing  to  natural  gas  resource  losses  and  to  methane  migration  into  surface  soils  and 
groundwater. 

As  methane  production  progressed,  some  residents  noticed  an  apparent  increase  in  the 
occurrence  of  methane  in  their  domestic  water  wells,  while  others  also  noticed  the  presence 
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of  gas  seeps  in  pastures,  manifested  by  dead  vegetation.  During  the  next  few  years,  other 
events  were  noticed  that  time-correlated  with  recent  coalbed  methane  (CBM)  production. 

Anoxic  environments  created  in  near-surface  regimes  by  a  predominance  of  methane  support 
bacterial  generation  of  hydrogen  sulfide  gas  and  promote  plant  suffocation  by  precluding  soil 
oxygen.  Methane  from  soil  gas  vapors  can  accumulate  in  confined  spaces,  such  as  beneath 
domestic  dwellings,  and  may  pose  potential  explosion  hazards.  Along  the  Basin  rim  where 
the  Fruitland  coals  crop  out,  intensified  gas  seepage  and  an  associated  apparent  escalation  in 
hydrogen  sulfide  gas  has  been  reported  at  historic  seep  sites.  Stands  of  stressed  and  dying 
trees  were  discovered  aligned  with  coalbeds  beneath.  North  of  the  Southern  Ute  Indian 
Reservation,  two  homes  located  directly  above  the  out  crop/sub  crop  of  the  Fruitland 
Formation  coalbeds  were  declared  unsafe  for  habitation  due  to  explosive  accumulations  of 
methane;  five  homes  were  ultimately  removed  from  the  hazardous  zone. 

Self-heating  of  near-surface  coals  can  result  from  fluctuations/lowering  of  the  water  table  in 
the  coalbeds.  On  the  Southern  Ute  Indian  Reservation  several  coal  fires  have  been  identified 
during  1998-99.  Geologic  evidence  indicates  that  pre-historic  Fruitland  coalbed  fires  existed 
in  similar  locales.  The  time  of  ignition  or  resurgence  of  current  coal  fires  is  virtually 
impossible  to  ascertain.  The  most  disconcerting  instance  (due  to  speculation  of  a  possible 
proliferation  of  coal  bed  fires)  is  a  coal  fire  detected  in  the  fall  of  1998  at  a  location 
approximately  eight  miles  north  of  active  coal  fires  first  noticed  during  the  spring  of  1998. 
These  environmentally  significant  phenomena,  which  may  represent  warning  signs  of 
impending  changes,  have  engaged  the  attention  of  regulatory  agencies  and  the  community. 
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n.  BACKGROUND 


Geologic  Setting 


The  San  Juan  Basin  (SJB)  an  asymmetric  structural  basin  formed  during  Cenozoic  and 
Mesozoic  time  periods  straddles  the  New  Mexico  -  Colorado  border  (Appendix  B:  Maps  and 
Cross-Sections  1).  Within  the  stratigraphic  section  of  the  Basin  lie  three  distinct  Cretaceous 

Age  fluvial-lacnstrine-marine  sequences  of  sediments  averaging  o^OOC)  feet  in  tMckness.  The 
northern  and  western  edges  of  the  Basin  axe  foimed  by  a  stmcture  known  as  the  Hogback 
Monocline  (Appendix  Mi  Maps  and  Cr©ss-Secti©iis  Figure 


Figure  1:  Hogback  Monocline  near  Durango,  Colorado 


Along  the  Monocline,  Cretaceous  and  Tertiary  age  depositional  horizons  dip  steeply  into  the 
Basin.  Along  this  structural  margin,  all  of  these  sedimentary  units  are  either  exposed  at  the 
surface  or  subcrop  beneath  a  thin  layer  of  alluvium-colluvium  or  moraine  deposits. 


4 


t 

fjjse  itiZ’Mnrr^  aa  f**® 


lkai«^!;af#r  'X  iM  otxrtcdiiO  -  odi  af*!<vo«ii9  s*o^  <4 

^^yvasJeiO  -^iiii  otf  ^  ^  «d)  cijik  W  .<-  t 


^^fi'  -MWU-'Ti  al  a  »fl«:zt::>«lc  mik.  HS 

®fL*  c»  ji  ^xj^ojCJd*  ■¥  Wn  :t  vji  -*  v^  otut  ({^iltior. 


J  1A^:J  :l  riAjf^ 


fttj  oM  {fc  aoja  dXMi  *,«ux?i«c b  C3  .•rjfoor*aM  «vt)  i^ckiIA 

!•  i> jtc>3r^  •'Sfi  ttif-'j  ^^kkf9iiitb0it  Ae:***tf Ia  Ite  !«■  cu  oifiM 

.AiivOCf^b  <<iiiAX'^‘itstro>*Wi*^wlJcf>-dWflCVirfte  '•*  >f6l  ro^s.*  m  i*)i<w^d  ^oxjjjc ’t'  1**^1481 


History  of  Oil  and  Gas  Exploration  and  Development  in  the  San  Juan  Basin 

Cretaceous  Age  rocks  have  been  important  to  the  development  of  oil  and  gas  in  the  Four 
Corners  (common  state  comer  shared  by  Colorado,  New  Mexico,  Utah,  and  Arizona)  Area. 


These  stratigraphic  horizons  include:  the  Morrison,  Dakota,  Mancos  Shale,  Lewis,  Pictured 
Cliffs,  Fruitland  and  Kirtland  (Sandstone  Member)  Formations  and  the  Mesaverde  Group 
including  the  Point  Lookout,  Menefee,  and  Cliff  House  Formations  (Appendix  B:  Maps  and 
Cross-Sections  3). 


Conventional  oil  and  gas  reservoirs  include  the  Dakota,  Point  Lookout,  Cliff  House,  and 
Pictured  Cliffs  Sandstones.  Source  rocks  (providing  the  orgamc  material)  for  the 
hydrocarbons  in  these  reservoirs  are  probably  the  Lewis  and  Mancos  marine  shales,  each 
several  thousand  feet  thick.  Coalbeds,  which  have  generated  their  own  hydrocarbons  and 
which  lack  the  production  characteristics  of  conventional  reservoirs,  are  considered 
“unconventional”  gas  reservoirs.  Found  locally  in  the  Fruitland  and  Menefee  Formations, 
coalbeds  have  played  a  significant  role  in  the  history  of  oil  and  gas  development  in  the  San 
Juan  Basin.  In  the  early  stages  of  natural  gas  exploration  the  coalbeds  were  penetrated  in 
search  of  conventional  gas  reservoirs  that  lay  deeper.  Problems  associated  with  extraction  of 
coal  gas  in  comparison  to  conventional  natural  gas  reservoirs,  coupled  with  the  fact  that 
methane  from  coal  seams  typically  has  a  lower  heating  value  (BTU),  made  the  Fruitland  coal 
seam  gas  uneconomical  to  produce.  Business  risks  were  considerable  due  to  high  startup 
costs  associated  with  pumping,  storage,  disposal,  and  corrosion  potential  (linked  to  a 
significant  carbon  dioxide  content),  of  the  produced  water,  coupled  with  a  lack  of  sufficient 
historical  data  to  establish  production  trends.  With  legislation  (the  production  tax  credit,  a 
part  of  the  Crude  Oil  Windfall  Profits  Tax  Act  of  1980)  that  offered  lucrative  tax  incentives  to 
explore  unconventional  fuel  production,  the  potential  for  producing  coalgas  by  water 
removal  stimulated  the  oil  and  gas  industry  to  invest  in  more  research. 
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Estimates  indicate  that  gas-in-place  in  the  coalbeds  may  eqtial  or  exceed  the  gas  in  the 
conventional  reservoirs  of  the  San  Juan  Basin,  Coalbed  methane  resources  estimated  for  the 
San  Juan  Basin  include  50  trillion  standard  cubic  feet  (Tscf)  in  the  Fruitland  Formation  and  34 
Tscf  gas  in  place  in  the  Menefee  Formation  (Mavor,  1997).  Similar  figures  are  quoted  for  the 
Fruitland  (50-56Tscf)  and  the  Menefee  (34Tscf)  by  the  Gas  Resources  Institute  (GRI,  1997). 
Compared  with  other  major  coalbed  methane  reserves  of  the  U.S.  in  the  lower  48  states,  the 
San  Juan  Basin  ranks  third  in  reserves  (Greater  Green  River  Basin  134  Tscf;  Piceance  Basin,  99 
Tscf,  San  Juan  Basin  90  Tsa;  Northern  Appalachian  Basin,  6 1  Tscf;  Powder  River  Basin,  39  Tscf; 
Black  Warrior  Basin,  20-23  Tscf;  Western  Washington  Basin,  24  Tscf;  Illinois  Basin,  21  Tscf; 
Raton  Basin,  10  Tscf;  Uintah  Basin,  10  Tscf)  (Schwochow,  1997;  Nelson,  1999).  Huge  coal 
reserves  in  Alaska  have  been  identified  with  a  gas-in-place  content  estimated  at  lOOOTsci 
(Smith,  1995),  but  no  commercial  exploitation  has  occurred  to  date. 

In  1992  the  American  Gas  Association,  reportedly  predicted  recoverable  coalbed  methane 
reserves  in  the  Fruitland  coalbeds  of  the  Ignacio-Bianco  Field  (the  northern  portion  of  the  San 
Juan  Basin  located  in  La  Plata  County,  Colorado)  to  be  1.5  Tscf.  Actual  producuon  has  already 
surpassed  that  estimate  with  1.7  Tscf  produced  by  the  end  of  1998  (Bell,  1999).  When  the  New 
Mexico  portion  of  the  San  Juan  Basin  in  included,  the  production  to  date  exceeds  6  Tscf 
(Nelson,  1999).  In  1998,  CBM  production  from  the  San  Juan  Basin  was  eight  times  that  of  the 
second-ranked  Black  Warrior  Field  (Nelson,  1999),  which  has  a  cumulative  production  tally  of 
1  Tscf.  Very  little  coalgas  has  been  produced  from  the  larger  Greater  Green  River  Basin 
shales  and  the  Piceance  Basin  due  to  the  extreme  depth  of  bunal  and  low  permeability  of  the 
coals.  CBM  production  from  the  San  Juan  Basin  is  rivals  or  exceeds  CBM  production  from  any 
basin  worldwide  to  date.  Appendix  C:  Chart  1  shows  La  Plata  County  gas  production 
through  1998.  La  Plata  County  gas  production  accounted  for  57%  of  the  total  1998  gas 
production  in  Colorado.  Expectations  are  for  CBM  production  to  peak  in  1999  and  level  o5  in 
2000,  with  declining  production  anticipated  for  2001  and  beyond. 
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History  of  Conventional  Production  in  the  San  Tuan  Basin 

Conventional  gas  exploration  began  in  the  early  1 900’s  in  the  San  Juan  Basin.  Early  attempts 
were  confined  to  completions  in  relatively  shallow  sandstones.  The  first  recorded  drilled  well 
in  the  San  Juan  Basin  reached  to  a  depth  of  200  feet  penetrating  the  Kirtland  Shale  near 
Farmington,  New  Mexico.  This  discovery  well  began  as  a  search  for  water,  but  produced 
only  gas  (Macdonald  and  Arrington,  1970).  A  well  was  drilled  in  Durango,  Colorado  in  1901, 
which  flowed  natural  gas,  and  no  oil  (Arnold  and  Dugan,  1971).  The  first  commercially 
successful  gas  well  was  drilled  near  Aztec,  New  Mexico  in  1921,  completed  in  the  Farmington 
Sandstone  Member  of  the  Kirtland  Shale  Formation  (Chafin,  1994).  Additional  development 
continued  through  the  1930’s  until  another  conventional  prospect,  the  Pictured  Clifis 
Sandstone,  was  developed  in  the  1 940*^3  after  gas  was  discovered  in  this  horizon,  also  in  the 
vicinity  of  Aztec,  New  Mexico.  By  the  end  of  the  1940’s  deeper  drilling  proved  that  there 
were  substantial  resources  of  conventional  gas  located  in  the  formations  of  the  Mesaverde 
GrouD  and  in  the  Dakota  Sandstone.  The  1950’s  ushered  in  another  wave  of  boom  days  in  the 
early  gas  development  in  the  San  Juan  Basin.  Thousands  of  wells  were  drilled  in  both 
Colorado  and  New  Mexico  (Appendix  C:  Chart  2).  The  construction  of  gas  pipeline  systems 
that  delivered  gas  to  the  West  Coast  and  Southwestern  United  States  encouraged  this 
development. 

Development  and  exploration  of  these  conventional  reservoirs  continued  through  the  1970’s 
with  oversight  by  the  oil  and  gas  conamissions  of  both  New  Mexico  and  Colorado.  The 
accompanying  strong  economic  market  generated  the  next  drilling  boom  for  conventional 
gas  production  in  the  San  Juan  Basin.  Drilling  of  conventional  reservoirs  for  gas  continued 
until  1982,  when  an  over-supply  of  gas  nationwide  caused  a  decline  in  gas  prices. 

Subsequent  development  of  conventional  reservoirs  has  been  sporadic  with  drilling  and 
development  dictated  by  pipeline  capacity  and  prices  (Appendix  C:  Chart  3).  Appendix  B: 
Maps  and  Cross-Sections  4  gives  a  geographical  presentation  showing  the  dispersion  of 
existing  conventional  gas  wells  in  the  Colorado  portion  of  the  San  Juan  Basin. 
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History  of  Coalb«»d  Methane  Production  in  the  San  Tuan  Basin  of  Colorado 

Methane  in  the  San  Juan  Basin  has  been  acknowledged  as  a  resource  for  over  100  years. 
Professor  Aithtir  Lakes  in  1892  reported  that  “...coal  oil  and  natural  gas  can  be  found  within 
four  miles... of  Durango.”  (Amoco,  1994).  Coal  miners  encountered  methane  in  several  early 
mines  in  La  Plata  County.  One  encoimter  in  1924,  ten  miles  northeast  of  Bayfield,  Colorado, 
was  reported  this  way:  “What  is  believed  to  be  a  million  foot  gas  gusher  was  opened  up  in  the 
former  Tendrick  Mine,  10  miles  northeast  of  Bayfield  on  Wednesday... We  predict  that  the 
discovery  of  this  gas  is  going  to  cause  quite  a  flurry  in  oil  circles,  and  we  may  expect  to  see 
some  real  development  take  place  next  spring  and  smnmer.”  (Amoco,  1994). 

Despite  the  discovery  of  methane  gas  m  1924,  and  the  subsequent  rejoicing  about  its 
economic  impact  to  the  region,  over  20  years  passed  before  the  first  coalbed  weUs  were 
drilled  and  completed  to  produce  methane.  Begirming  in  1948,  several  wells  were  drilled 
into  the  coal-bearing  Menefee  and  Fruitland  Formations.  The  first  recorded  methane 
production  from  coalbeds  was  in  1951  at  the  Pan  American  Petroleum/Stanolind/ Amoco  Ute 
Indian  D-1  well  located  in  the  Ignacio  area  of  the  Southern  Ute  Indian  Reservation  (Amoco, 
1994).  Yet,  extensive  coalbed  methane  development  did  not  flourish  in  the  San  Juan  Basin 
until  the  mid-1980’s  (Appendix  C:  Chart  S).  This  development  was  encouraged  by  the 
passage  of  the  Crude  Oil  Windfall  Profits  Tax  Act  of  1980  (Chafin,  1994).  This  act  was 
scheduled  to  expire  in  1990,  but  was  extended  through  1992.  The  definition  of  deregulated 
natural  gas  addressed  in  this  Act  included  occluded  gas  -  naturally  occurring  natural  gas 
released  from  entrapment  from  the  fractures,  pores,  and  bedding  planes  of  coal  seams.  Also 
specified  were  (1)  gas  produced  from  deep  (greater  than  15,000  feet),  high  cost  nahiral  gas 
reservoirs,  (2)  natural  gas  dissolved  in  an  over-pressured  brine  and  (3)  natural  gas  produced 
from  Devonian  shale.  Fruitland  coalbed  methane  production  met  the  criteria  as  an  occluded 
gas.  Provisions  of  this  bill  including  subsidies,  which  will  expire  in  2002,  gave  gas  operators 
tax  incentives  to  overcome  technical  problems  associated  with  coalbed  methane  production 
from  this  unique  “unconventional”  resource.  After  a  brief  lull  in  the  early  1990’s,  Fruitland 
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Conventional  natural  gas  is  derived  through  heat  and  pressure-induced  alterations  of  marine 
organic  matter.  Like  coal  gas,  natural  gas  is  essentially  composed  of  methane,  but  generally 
contains  higher  percentages  of  heavier  hydrocarbon  fractions  such  as  butane,  pentane, 
hexane  and  condensates,  giving  natural  gas  a  higher  heating  value. 

History  of  Coalbed  Methane  Gas  Well  Spacing 

Initially,  the  Ignacio  Gas  Field  and  the  Blanco  Gas  Field  were  considered  separate  pools, 
under  Colorado  OH  and  Gas  Conservation  Commission  (COGCC)  Cause  3  and  Cause  45, 
respectively.  Order  No.  3-12  (October  11,  1955)  pooled  the  Ignacio  Field  Fruitland  Formation 
(coalbeds  and  sandstones)  with  the  Pictured  Cliffs  sandstone  and  specified  a  density  of  one 
gas  well  per  320  acres.  Blanco  Field  rules  were  established  under  Spacing  Order  No.  45-1 
(October  11,  1954)  and  mainly  pertained  to  the  Mesaverde  Formation.  Cause  1 12  combined 
the  Ignacio  and  Blanco  Fields  into  one  Ignacio-Bianco  gas  field.  Spacing  Order  No.  1 12-6 
(November  9,  1959)  established  the  Ignacio-Bianco  field  boundaries  and  reasserted  320-acre 
spacing  for  Mesaverde  and  Pictured  Cliffs/Fruitland  pools.  Order  No.  1 12-46  Quly  16,  1979) 
allowed  a  second  intill  well  per  320-acre  spacing  unit  for  the  respective  Fruitland/Pictured 
Cliffs  and  Mesa  Verde  pools.  COGCC  Spacing  Order  No.  1 12-60  (Jime  15,  1988)  separated 
out  the  Fruitland  coalbeds  as  a  distinct  pool  and  reverted  to  320-acre  spacing,  citing  Order 
No.  112-6.  State  Spacing  Order  No.  112-61  (August  15,  1988)  amended  Order  No.  112-60  by 
establishing  additional  field  rules,  but  maintained  Frmtland  coalgas  well  spacing  at  320  acres. 
Nearly  1000  coalbed  methane  wells  (including  new  CBM  wells  and  conventional  gas  wells 
plugged  back  and  recompleted  in  the  Fruitland  coalbeds)  were  drilled  in  Colorado  by  1999 
under  Spacing  Order  No.  1 12-6 1 . 

Beginning  in  1992,  several  operators  of  coalbed  methane  wells  applied  for  Spacing  Order 
amendments.  The  COGCC  approved  these  applications  to  drill  one  additional  production 
well  per  320-acre  spacing  unit  in  explicitly  specitied  areas.  This  served  as  a  test  of  reservoir 
simulation  studies  that  suggested  160-acre  spacing  was  optimal  in  certain  areas  for  overall 
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reservoir  performance,  economics  and  accelerated  recovery  of  additional  reserves  that 
might  otherwise  be  left  in  place.  The  first  proposal  was  submitted  by  Emerald  Gas  Operating 
Company  for  four  new  wells  and  the  recompletion  of  two  conventional  gas  wells  located  on 
the  Southern  Ute  Indian  Reservation  in  the  Valencia  Canyon  Area.  Operators,  the  COGCC 
and  some  members  of  the  general  public  were  averse  to  the  proposal  on  the  grounds  that 
correlative  rights  would  be  affected,  current  spacing  was  adeguate,  and  approval  would  set  a 
precedent  for  Basin-wide  down-spacing.  The  Southern  Ute  Indian  Tribe  and  the  BLM 
supported  the  proposal  as  a  pilot  project.  Since  Tribal  minerals  and  surface  were  involved, 
the  BLM  had  jurisdiction  and  approved  this  infill  drilling  application.  Subsequently,  four  new 
CBM  wells  were  drilled  and  two  conventional  weUs  were  recompleted  as  coalbed  methane 
wells  in  late  1992.  Several  infill-drilling  applications  (including  Red  Willow  Production 
Company  -  93  additional  wells;  Vastar  Resources,  Inc.  -  30  wells;  Mark  West  Energy 
Partners,  Ltd.  —  1 1  wells;  J.M  Huber  Corporation  -  22  wells;  Amoco  —  23  wells,  and  lesser 
numbers  by  other  operators)  were  submitted  and  approved  in  amending  Crders  of  the 
Colorado  Cil  and  Gas  Conservation  Commission.  By  the  end  of  1998,  approximately  60  infill 
locations  had  been  drilled  and  completed.  If  reservoir  models  and  simulations  continue  to 
project  that  optimum  recovery,  economics  and  performance  are  best  accomplished  in  some 
areas  by  160-acre  infill  drilling,  more  weUs  may  be  drilled. 

History  of  Natural  Gas  Seeps  in  the  Northern  San  Juan  Basin 

Historically  documented  naturally  occurring  gas  seeps  throughout  the  San  Juan  Basin  existed 
prior  to  oil  and  gas  drilling  operations.  Coal-miners  found  pockets  of  methane  in  mines  in 
the  northern  part  of  the  Basin.  Figure  3  shows  a  coal  prospect  in  the  Fruitland  coal  outcrop. 
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Figure  3:  Prospect  in  Fruitland  coal  outcrop 


Shallow  watsr  wslls  ponetrating  Fruitland  and  Menef©©  coalbods  around  the  Basin  rim  have 
historically  produced  methane  gas.  Especially  notable  in  La  Plata  County ,  Colorado,  are 
seeps  at  the  northern  and  western  rim  of  the  San  Juan  Basin.  Known  gas  seeps  include  the 
Carbon  Jimction  area  where  the  Animas  River  crosses  the  Fruitland  Formation.  At  this 
location  methane  and  hydrogen  sulfide  seeps  were  commonly  recognized  as  early  as  the 
1930’s  (Amoco,  1996).  Local  residents  noted  as  early  as  1920  that  “  a  “rotten  egg  smell”  is 
being  emitted  from  the  Carbon  Junction  Area”  (Whitton,  personal  commumcahon,  1996). 
Another  well-known  site  of  historic  gas  seepage  is  a  topographic  low  in  the  Hogback 
Monocline  between  Valencia  Canyon  and  Iron  Springs  Canyon  on  the  western  rim  of  the  San 
Juan  Basin.  Historically  emitting  odors  of  “rotten  egg  gas”  (hydrogen  sulfide),  this  pass 
through  the  hogback  was  known  by  old-timers  as  “stink  hill”.  Other  areas  of  seepage  ezisted 
at  the  northeastern  edge  of  the  San  Juan  Basin  rim.  Ranchers  ignited  escaping  natural  gas 
from  water  faucets,  holes  punched  in  iced-over  streams,  or  known  soil  seeps  in  entertaining 
pyrotechnic  displays  impressing  new-comers  or  merely  celebrating  the  Christmas  Season 
(Halverson,  1994;  Hocker,  1994).  Dugan  (1990)  recalls  a  mention  of  a  gas  seep  near  Bondad, 
Colorado  and  a  gas  seep  in  a  drill  rig  cellar  in  1955.  In  approximately  1968,  several  water 
wells  were  drilled  in  the  Cedar  HiU,  New  Mexico  area,  but  the  water  was  unusable  due  to  the 
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strong  sulfur  odor  (KearL,  198S).  Forty  years  ago  a  group  of  local  youngsters  who 
inadvertently  cast  a  campfire  ember  into  the  Los  Pinos  River  were  duly  impressed  when  the 
surface  of  the  rtver  ignited  in  a  flash  (Hocker,  1999). 

As  early  as  1980-1985,  new  seeps  not  associated  with  Basin  rim  outcrops,  but  interior  to  the 
Basin,  appeared  to  be  forming  in  pastures  in  the  Animas  River  Valley  south  of  Durango  near 
Bondad,  Colorado  and  Cedar  Hill,  New  Mexico  (Shuey,  1990;  Beckstrom  and  Boyer,  1991). 
Rural  prooerty  owners  in  the  Cedar  Hill  and  Bondad  areas  noticed  bubbles  in  the  Animas 
River  and  in  their  tap  water.  Water  well  pumps  cavitated  as  natural  gas  exsolved  from  the 
grotmdwater  so  rapidly  that  some  pumps  failed  to  perform.  Several  pump  houses  exploded 
when  methane  gas  accumulated  in  the  confined  spaces  and  were  ignited  by  a  spark,  possibly 
generated  by  a  pressure  switch  or  electric  motor  brushes.  One  well  owner  in  the  Cedar  Hill 
area  reportedly  shot  a  high-powered  rifle  into  his  water  well  casing  to  develop  the  well,  and 
inadvenently  started  the  well  on  fire.  Gas  seeps  in  soils  that  overlie  Mesaverde  sandstone 
outcrops  were  noted  in  the  mid-1990’s  as  manifesting  patches  of  dead  grass  in  pastures 
northeast  of  Durango  along  CR  #240. 

History  of  Coal  Fires  in  the  Northern  San  Juan  Basin 

Scoria,  cinders,  clinker  beds,  and  ash  remnants  bear  testimony  to  pre-historic  coal  fires. 
North  of  the  Colorado-New  Mexico  State  line  lie  the  Cinder  Buttes,  distinguished  by  distinctly 
reddish  oxidized  and  heat-altered  clinker.  The  name  attests  to  the  fact  that  subterranean  nres 
consumed  shallow  coalbeds.  Recent  mapping  of  the  Fruitland  outcrop  along  the  Basin  rim 
documents  numerous  sites  where  these  ash  and  clinker  deposits  grade  into  recognizable  coal 
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near-surface  aquifers.  Included  was  the  investigation  of  the  relationship  between  methane 
concentrations  and  mapped  geologic  fractures. 

This  study  (Chafin,  1994)  showed  measurable  concentrations  of  methane  (greater  than  the 
detection  level  of  0.005  mg/L)  in  34  percent  of  the  samples  tested,  with  bedrock  wells 
exhibiting  higher  concentrations  than  alluvial  wells.  Hydrogen  sulfide  was  often  found 
associated  with  elevated  concentrations  of  entrained  methane.  On  the  basis  of  a  thermogenic 
isotopic  signature  {Appendix  C:  Chart  10)  and  molecular  composition  of  the  gas  isolated 
from  the  water  of  some  domestic  wells  showing  similarity  to  gas  collected  from  producing 
horizons,  the  latter  were  depicted  as  probable  sources  of  the  methane.  (The  isotopic 
character  of  carbon  atom  distribution  in  water-entrained  methane  can  be  confounded  by  the 
fact  that  methylotrophic  bacteria  often  oxidize  methane.  Following  methane  oxidation,  the 
stable  isotopic  ratio  of  the  carbon  atom  population  tends  to  indicate  a  false  maturity  and  may 
result  in  misleading  assumptions.  The  deuterium  isotope  and  chemical  composition  of  the 
entrained  gas  can  be  utilized  to  minimize  confusion  over  this  issue.)  Shuey  (1990)  reviewed 
gas  composition  data  of  samples  drawn  from  domestic  water  wells  and  seeps  between 
Bondad,  Colorado,  and  a  few  miles  south  of  Aztec,  New  Mexico.  He  concluded  that 
approximately  half  of  the  samples  contained  gas  similar  in  character  to  that  produced  from 
Fruitland  Formation  coalbeds.  Beckstrom  and  Boyer  (1991)  determined  that  the  gas  isolated 
from  three  conventional  gas  well  surface  casings  (bradenhead  gas)  was  chemically  and 
isotopically  consistent  with  Fruitland  coalgas  and  hypothesized  that  gas  migration  had 
occurred  upward  firom  the  Fruitland  Formation  along  uncemented  well-bore  annuli  of 
conventional  gas  wells.  Proposed  methane  migration  pathways  to  water  wells  having  a 
thermogenic  gas  signature  include  deficiencies  in  well  casing  integrity,  a  lack  of  adequate 
annular  isolation  through  the  Fruitland  coal  horizons,  cathodic  protection  wells,  seismic  test 
holes,  bedrock  water  wells,  and  natural  joints  and  fractures. 
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Conversely,  methane  isolated  from  water  wells  having  carbon  isotopic  signatures  reflecting 
biogenic  sources  was  attributed  to  microbial  action  in  near-snrface  regimes  such  as  sewage 
lagoons,  septic  fields,  swampy  areas,  or  within  the  groundwater  aquifer  itself.  While  the 
accumulation  of  methane  in  these  domestic  water  wells  may  represent  environmental 
hazards,  the  implicated  sources  are  not  under  the  auspices  of  oil  and  gas  regulatory  agencies. 
Therefore,  investigations  into  biogenic  methane  sources  have  been  excluded. 

With  the  rapidly  increasing  CBM  development  in  the  years  1989  to  1991,  La  Plata  County 
residents  expressed  concern  that  anticipated  increases  in  drilling  activity  and  production 
from  the  Fruitland  Formation  coals  might  adversely  affect  their  water  wells.  In  response,  the 
San  Juan  Basin  Oil  and  Gas  Coordinating  Committee  (with  representation  from  state,  local, 
and  Federal  agencies,  the  Southern  Ute  Indian  Tribe,  gas  industry  operators,  citizen  groups 
and  private  citizens)  was  formed  in  1989  to  study  the  effects  of  oil  and  gas  development,  with 
an  emphasis  on  groundwater  quality  issues.  The  need  for  a  baseline  of  water  quality  was 
recognized,  and  in  February  1991,  the  Colorado  Oil  and  Gas  Conservation  Commission 
(COGCC)  established  a  Groundwater  Task  Force  to  initiate  a  study  to  provide  baseline  data 
in  La  Plata  and  Archuleta  Coimties  (Velez,  1993).  This  Groimdwater  Task  Force  was 
comprised  of  the  COGCC,  BLM,  San  Juan  Citizens  Alliance,  Southern  Ute  Indian  Tribe,  La  Plata 
County,  San  Juan  Health  Department,  Colorado  Division  of  Water  Resources  -  Water  Quality 
Control  Division  and  State  Engineers  Office,  Office  of  Senator  Ben  Nighthorse  Campbell, 
Colorado  Department  of  Local  Affairs,  and  private  citizens.  The  State  of  Colorado,  Department 
of  Local  Affairs  Energy  Impact  Assistance  Fund  and  gas  industry  contributions  to  the  COGCC 
Environmental  Response  Fund  provided  the  needed  monies.  A  total  of  324  wells  were 
sampled  in  1991,  with  analyses  being  completed  by  several  laboratories.  Headspace 
methane  concentrations  were  reported  in  parts-per-million  (ppm)  in  contrast  to  the  USGS 
study,  which  reported  in  milligrams  of  methane  per  liter  of  water.  The  latter  has  become  the 
accepted  standard  for  reporting  methane  entrainment  in  groimdwater.  Um'ortunately,  quality 
control  split-samples  for  methane  concentration  differed  substantially  between  laboratories. 
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Credibility  of  the  study  suffered.  Nevertheless,  analyses  showed  81  wells  to  have  methane 
above  the  detection  limit  of  7  ppm  in  the  headspace.  The  study  also  identified  specific  water 
wells  devoid  of  measurable  methane  contamination,  establishing  a  baseline  at  these  locations. 
Twenty -eight  water  wells  having  in  excess  of  1000-ppm  methane  in  the  headspace  were 
isolated  and  samples  from  sixteen  of  these  were  submitted  to  the  USGS  laboratory  in  Denver 
for  stable  carbon  isotope  determination.  Using  a  breakpoint  of  -55  per  mil  (^/oo).  ten  samples 
appeared  to  be  of  biogenic  origin  while  six  indicated  thermogenic  origins  with  potential 
relationship  to  gas  producing  horizons. 

A  Colorado  Western  Slope  groundwater  quality  monitoring  study  (Schenderlein,  1993) 
evolved  out  of  an  agreement  between  the  Colorado  Department  of  Health  and  the  Office  of 
the  Colorado  State  Engineer,  Department  of  Natural  Resources,  Division  of  Water  Resources. 

A  grant  from  the  Environmental  Protection  Agency  funded  this  1992  study  to  determine  the 
extent  of  groundwater  contamination  attributable  to  non-point  source  activities  on  the 
Western  Slope  Area  of  Colorado.  During  this  study  twenty  water  wells  and  springs  were 
sampled  in  the  San  Juan  Basin  in  the  summer  of  1992;  nineteen  wells  were  re-sampled  in  the 
fall  of  1992.  Seventy  percent  of  the  first  round  of  samples  and  eighty-five  percent  of  the 
second  roimd  of  samples  exhibited  quantifiable  methane  concentrations  above  the  lower 
detection  limit  of  0.005  milligrams  methane  per  liter  of  water.  Twenty-five  percent  of  the  first 
round  of  samples  and  sixteen  percent  of  the  second  round  of  samples  divulged  concentrations 
exceeding  one  milligram  methane  per  liter  of  water,  with  two  revealing  concentrations  of 
methane  greater  than  ten  milligrams  methane  per  liter  of  water.  No  isotopic  determinations 
were  reported. 

BLM  Response  to  Environmental  and  Economic  Concerns 

Responsible  resource  management  includes  minimizing  unnecessary  producible  gas  losses 
and  maintaining  healthy  ecosystems.  CBM  gas  loss  through  imcemented  conventional  weU 
bores  is  of  economic  importance.  Gas  lost  to  aquifers  and  soils  is  an  environmental  concern. 
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An  illustration  showing  the  mechanism  for  potential  CBM  gas  migration  into  groundvrater 
aquifers  is  represented  in  Appendix  B:  Maps  and  Cross-Sections  7.  Groundwater  quality 
degradation  may  result  from  a  depletion  of  dissolved  oxygen,  giving  rise  to  anosio 
environments.  In  an  environment  depleted  of  oxygen,  undesirable  bacteria  can  proliferate. 
These  include  such  organisms  as  sulfate-reducing  bacteria.  Residing  in  sulfate-rich  water, 
these  organisms,  through  normal  metabolic  functions,  tend  to  release  hydrogen  sulhde,  a 
toxic  gas. 


With  the  recognition  of  potential  problems,  measures  were  taken  to  mitigate  adverse 
conditions.  The  Bureau  of  Land  Management.  San  Juan  Resource  Area  (now  the  San  Juan  Field 
Omce)  responded  with  proactive  measures  to  establish  a  water  quality  baseline  at  Basin- 


intenor  water  wells  in  areas  not  included  in  prior  studies.  The  San  Juan  Resource  Area  alsc 


drafted  a  “Notice  to  Lessees  (NTL),  Montrose  Disnic:  Omce  Si-i”,  which  was  issued  by  the  3LM 


Montrose  District  Office  and  applicable  only  to  gas  wells  in  the  Igr.acio-Blanco  Field.  This  NTL 
requires  gas  held  operators  to  annually  monitor  ail  gas  well  surface  casing  pressures.  These 


passive  mechanical  integrity  tests  are  desgned  to  assess  the  condihcn  of  well  bores.  The 


character  of  gas  and  fluid  flowing  from  gas  wells  with  aberrant  bradenhead  pressur 


e  is 


documented,  the  composition  analyued  and  results  reported  to  the  BLM  to  assist  in  remedial 
action  plans. 


BLM  Environmental  Monitoring  -  HD  MoTintaiTif; 

The  propensity  for  contamination  of  groundwater  by  methane  gas  was  recognized  as  a  valid 
concern.  In  199 1  this  issue  was  addressed  in  the  preparation  of  a  joint  BLM'TJSFS  (United 
States  Forest  Service)  Environmental  Impact  Statement  (BUS)  for  the  proposed  64-weil  coalbed 
methane  (CBM)  drilling  project  in  the  HD  Mountains  eas  of  Bayfield,  Colorado.  In  this  newly 
developed  area,  all  wells  were  to  be  CBM  wells.  The  potential  problem  of  adversely  afiectmg 
older  conventional  well  bores,  often  characterized  by  incomplete  isolation  of  the  Fruitland 
Formation,  was  irrelevant  due  to  the  lack  of  conventional  wells  in  this  area.  All  CBM  well 
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bores  were  approved  for  primary  annular  cement  placement  spanning  the  entire  vertical 
distance  from  the  producing  horizon  to  the  land  surface.  Initial  baseline  sampling  of 
groundwater  to  establish  a  benchmark  of  water  quality  was  proposed,  and  a  BLM  commitment 
was  made  to  periodically  evaluate  water  quality  in  subsequent  years.  Sixty-five  to  seventy 
water  wells,  largely  on  the  periphery  of  the  sparsely  inhabited  interior  of  the  HD  EIS  study 
area,  have  been  monitored  in  1993  and  1996  in  an  effort  to  provide  early  warning  of  any 
discemable  gas  production-induced  groundwater  contamination.  So  far  virtually  no  adverse 
water  quality  impacts  have  been  dociunented,  although  concerns  have  arisen  off  the 
northwestern  flank  of  the  study  area  where  high  levels  of  thermogenic  methane  with  isotopic 
signatures  similar  to  Mesaverde  gas  have  been  documented  in  monitoring  on  private  lands. 

BLM-  Further  Environmental  Monitoring  and  Baseline  Dataha«;p> 

Due  to  BLM  concern  for  potential  environmental  impact  from  gas  production  in  the  northern 
San  Juan  Basin  of  Colorado,  the  concept  of  establishing  a  groimdwater  quality  baseline  was 
expanded  from  the  HD  EIS  periphery  to  water  wells  adjacent  to  other  BLM  jurisdictional  lands. 
The  initial  reconnaissance  ascertaining  groundwater  quality  implemented  by  the  BLM-SJRA.  in 
1993  was  limited  to  approximately  200  sites,  including  the  HD  EIS  periphery  water  wells, 
within  a  presumed  radius  of  influence  extending  one-half  mile  beyond  jurisdictional  lands. 
Seventy-five  percent  of  the  wells  tested  showed  measurable  methane;  twenty-five  percent 
showed  significant  concentrations.  The  threshold  of  immediate  concern  was  established  at 
1.0  milligram  of  methane  per  liter  of  water.  This  was  in  response  to  the  laboratory  finding  that 
a  1.0-milligram  per  liter  concentration  of  water-entrained  methane  was  shown  to  have  the 
ability  under  controlled  conditions  in  a  confined  environment  to  exsolve  sufficient  methane  to 
create  an  explosive  atmosphere  (Harder  and  others,  1965).  Critical  areas  were  defined  by 
including  a  buffer  zone  extending  up  to  one  mile  from  any  domestic  water  well(s)  with 
entrained  concentration(s)  of  1.0  milligram  (or  greater)  methane  per  liter  of  water. 
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The  checkerboard  of  split-estate  land  surface  and  mineral  lease  ownership  in  southwestern 
Colorado  dictated  the  importance  of  Federal,  state  and  tribal  agencies  and  private 
landowners  collaborating  in  an  effort  to  gather  and  analyze  comprehensive  data  countywide. 
In  a  combined  effort  by  the  BLM-SJRA,  the  COGCC,  and  local  landowners,  a  comprehensive 
infill-testing  program  to  augment  1993  test  data  was  implemented  in  1994  to  characterize 
water  quality  throughout  the  San  Juan  Basin  of  Colorado  within  La  Plata  County.  On  the  basis 
of  that  study,  1 7  areas  of  elevated  entrained  methane  in  groundwater  were  defined  including 
buffer  zones  as  before.  The  identified  areas  with  greater  than  1.0-ppm  entrained-methane  in 
groundwater  are  outlined  and  shaded  in  the  accompanying  map  (Appendix  B:  Maps  and 
Cross-Sections  8.) 

BLM  -  Remedial  Action  Efforts 

Currently,  the  BLM  bradenhead  program  tracks  over  1000  jurisdictional  gas  wells  in  the 
Ignacio-Bianco  Field.  The  COGCC  also  conducts  a  similar  bradenhead-testing  program  within 
its  areas  of  jurisdiction.  Bradenhead  tests  represent  an  invaluable  method  of  isolating  gas 
wells  that  exhibit  excessive  surface  pressure,  and  exposing  potentially  defective  gas  well 
bores.  The  COGCC  has  ordered  many  gas  well  remediation  efforts,  which  combine  with  BLM 
efforts  to  mitigate  gas  well  deficiencies  basin-wide  within  Colorado.  This  program  has 
proven  vital  in  minimizing  producible  gas  losses,  promoting  public  health  and  safety,  and 
decreasing  environmental  impacts  to  groundwater  and  soil  on  public  and  private  lands. 

Assuming  that  gas  wells  with  measurable  bradenhead  pressure  exceeding  2  psig  might 
potentially  affect  groundwater  resources,  these  gas  wells  were  targeted  by  the  BLM-SJRA  for 
remediation  in  designated  critical  areas.  Secondarily,  gas  wells  located  outside  of  designated 
critical  areas  were  selected  for  remedial  action  when  the  bradenhead  (1)  pressure  exceeded 
25  psig,  (2)  exhibited  sustained  measurable  flow  throughout  the  30-minute  test  period  or  (3) 
issued  water,  mud  or  oil.  As  a  result  of  these  efforts,  hundreds  of  gas  weUs  have  received 
remedial  action  including  secondary  placement  of  annular  cement,  wellhead  and/or  seal 
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were  situated  over  the  Fruitland  subcrop  in  the  Pine  River  Ranches  Subdivision.  Explosive 
levels  of  methane  were  detected  in  the  crawl  spaces  of  two. 

Since  1987  eleven  Fruitland  coal  wells  had  been  drilled  within  two  miles  of  the  Pine  River 
Ranches  Subdivision.  While  the  gas  well  annuh  were  cemented  to  the  surface  and  no 
aberrant  bradenhead  pressures  were  observed,  millions  of  barrels  of  water  had  already  been 
extracted  to  facilitate  desorption  of  gas  from  the  Fruitland  Formation  coal  beds.  Pressure 
transient  analyses  were  conducted  between  the  Pole-Barn  monitoring  well  (drilled  0.3  mile 
west  of  the  Los  Pinos  River),  the  Salmon  monitoring  well  (drilled  into  the  subcrop  at  the 
southern  edge  of  the  Pine  River  Ranches  Subdivision),  and  the  Gurr  Federal  gas  well, 
approximately  0.5  mile  to  the  west.  The  response  to  a  shut-in  of  the  Gurr  well  was  evident  at 
the  Pole  Bam  monitoring  well  (0. 14  mile  or  760  feet  distant)  in  less  than  24  hours  with  a  0. 15- 
psi/day  response.  Definite  pressure  interference  (1.3  psi)  was  also  seen  at  the  Salmon 
monitoring  well  at  the  southern  border  of  the  Pine  River  Ranches  Subdivision  2880  feet  away 
after  100  days,  with  a  response  of  0.07  psi/day.  The  BLM-SJRA  instructed  Amoco  to  shut-in  the 
Gurr  Federal  CBM  gas  well  in  1995.  It  has  not  produced  gas  or  water  since.  BLM  considered  a 
shut-in  order  on  the  Litton  Federal  gas  well  to  the  west  due  to  its  high  water  production  and 
suggested  that  5-6  fee  wells  be  shut-in  additionally.  The  COGCC  and  Amoco  decided  not  to 
shut-in  the  high  water  producing  coalbed  wells  located  on  private  mineral  estate  several 
miles  down-dip,  based  upon  the  assertion  that  a  permeabihty  barrier  existed  between  the 
outcrop  and  the  basin-ward  gas  wells.  A  USGS  study  of  the  Basin-rim  coal  beds  by  James 
Fassett  (Fassett,  1997)  supported  the  hypothesis  that  subcrops  in  the  Pine  River  Valley  were 
not  contiguous  with  coal  seams  being  produced  basin-ward.  In  response,  the  BLM  decided 
not  to  order  the  shut-in  of  the  Litton  Federal  gas  well  without  the  support  of  definitive 
evidence  indicating  producing  horizons  in  the  Litton  Federal  were  inter-active  with  the 
sub  crop/outcrop. 
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Recent  published  information  indicates  a  loss  of  bottom  hole  pressure  at  the  Gurr  Federal  of 
0.02  psi  per  day  and  at  the  nearby  Huntington  gas  well,  a  loss  of  0.02  psi  per  day.  Both 
indicate  pressure  transient  changes  commensurate  with  that  projected  by  down-dip  Fruitland 
coalgas/water  production  (Oldaker,  1999).  The  Huntington  is  3640  feet  south  of  the  Gurr  and 
in  closer  proximity  to  high  water-producing  Fruitland  coalbed  gas  wells  in  the  Los  Pinos  River 
Valley.  The  Huntington  well  showed  pressure  response  to  down-dip  production  more  rapidly 
than  the  Gurr  Federal,  as  would  be  expected. 

Interdependent  relationships  were  shown  to  exist  between  a  the  Dulin  D-1  Fruitland  coalgas 
well,  located  two  miles  south  of  the  Los  Pinos  River  Fruitland  coal  subcrop,  and  three 
neighboring  gas  wells;  the  Bowers  #1  at  2340  feet,  the  State  AW-1  at  3700  feet,  and  the 
Conrad  A- 1  at  4640  feet  distant.  .  The  Conrad  A- 1  well  Lies  approximately  1  mile  south  of  the 
subcrop,  and  0.5-mile  southeast  of  the  Huntington  well.  All  these  wells  appear  aligned  with 
the  highly  fractured  Los  Pinos  River  valley.  A  bridge  plug  was  inserted  into  the  Dulin  D-1  gas 
well  temporarily  suspending  production  of  water  from  the  basal  coal  seam.  This  well  had 
been  producing  2000  barrels  of  water  per  day  (BWPD).  Within  one  month  of  the  shut-in  time, 
increased  water  production  was  documented  at  the  three  neighboring  gas  wells.  Over  the 
two-month  shut-in  period,  gas  production  decreased.  Likewise,  water  production  increased 
between  200  BWPD  and  1000  BWPD  at  the  respective  neighboring  gas  wells.  After  the  Dulin- 
D-1  well  was  again  allowed  to  produce  water,  production  of  water  decreased  and  gas 
production  increased  at  all  three  observation  wells.  This  test  indicated  reservoir  continuity 
(Pine  River  Investigative  Team  Report,  1995).  Appendix  B:  Map  and  Cross  Sections  9shows 
the  relative  locations  of  coalgas  wells  and  water  monitoring  wells  in  the  Pine  River  Valley 
north  of  Bayfield,  Colorado. 

Water  samples  drawn  from  the  domestic  water  wells  in  the  Pine  River  Ranches  Subdivision 
yielded  chemical  data  indicating  Fruitland  coal  water  influence.  Gas  samples  obtained  from 
several  nearby  Fruitland  coalgas  wells  were  comparable  in  molecular  composition  and 


27 


io  rotrO  or.'j  }c  r  wj  '•Ip'l  nacnod^<-  ifct.* «  .loii.  -roVti 

■^foff  'ftb  a;(i  .  l-j  *woI  '5  (flfJrttt  anv  riotpnfrm; 'y<»*6»p  r  1)  ‘t  a-«*^  yM  wq  •t*'?  SG-.Q 
L.f  AL'tirt'5  cjlb-fi  •«cis  lAiii  tiiST^  9it,Xinn»r'  T^\jo  »i^i>rvyo  ^^«i?rtvTl-dW‘2fc4:??  at?L^jlihi<e 

b»,  s  ni'O  '  'i(J  k»  frtvo«  0»«f  rw^-cir^S  aiC  I  JiC'rt*wfc  ?’:<[  £*«r,i 

id'/iUl»o  aoJ  aflt  .u  <il  m  Sflia  r.a4*l^rsn'1  Tnrmbo'i;-  a-r»'  rtl^  I  t1|f  -TCi-jq  i»«ct )  nr 

9  i'n  no'rnunoiK\qU>  rf':»<  'b  'i^*i>c<f*ia«9iuit'  .v,q*>ov  >]teU6»Vvnoi^4Si»rRr?i  ar  '  .y=^: 

* 

*b  >‘  ♦>,  faU'W’jy  B.»  i '  mi-C  »ii''  ^  rf 

k-i^-.i»<r  Lusian?!  f -Ct  .-ulifO  wf*  a  A«td  cn  jrr  taray , 

av'irt*  bjii.  7*  rwv^if*  !ro©  trvUSi'''  1  jqn/'l  ?>  *i  an  '  44  joa  asUw  owj  ^  -  ''r.oJ 

'»r)  bnj'  -'‘Ott  lo  I  .'•iajS  ..a*!  CW^’  u  f  -.ii  .^Hm>ro  pn'nO‘'t.*s4'*o 

t*  il  Ic  sU4f ;»  i  \i  ‘UHTuxorqq  Ji‘»w  1  -  A  >  * TfT  -  O  4»*'f  * »  i-7  in  i-/  i 

’frcvr  bA/>oi;^'L&acifl  -^  UA  .liirw  ttOj^tiJf-u  H  otf  It  /*»»,  tihrtt.  ,-:^c  T  cia« 

,• 

w«n  i  -G  ntiiiCi  rjiU  o»n^  usvr  gults  -iribir A  .  a*!  4'^? 

jif  ■  * 

bkii  '-’W  c'is'i  UU3?  uoD  **4<Au-»rtJ  tt'viS  Tt>j».v  V  a6t*oi  I^itq  x^vttr>af',:5.»f  •: 

•/('il  ni-»J  fl*  io  dDao  n  'iuUitV'  alined  OC!J 

»nf  ipv .  2li«»wp  itftp  p.ir  '  */i^uk/i  t aulj  <yrl;  ia  bant  •vun  rot  f  f.  nf  >.  Ki  r>oiG  itc^f  pon-^nv 

'r> 

_  4«£airnJn“oi^^i»’bwiqTe?A  r.',*«i^^  boa.  .;  .  p-oJid/Ic  dlb-ua 

I' 

'x'ii^CT  wfiA  ^4ii50cf*4i5««ii  rj'ntotftcj^ot  ('/li  t.  li'iWiJ  Vfij  OU*  .:<^w  ao 

tufj  l>(t»  b :  ^oiaeb  i-s»jrv.  to  i«j.lT-uhc:CT  oi  *>  «v  onxf/Uiif^^.  ast  **  i^o'  1  -C 

±. 

,  jijititroo  uovTOfe^n  )bf*u^<bat  nix  aoH  jul  n..*4  At WtA  fu  >>o  Ji  IG  »»  Ija  '  »«>»>'  u  KXijth/fe^f q 

*  •u/lit'’  woi":)  biS*  q  JVT  ,a  ,noqj»5!  >ai  ©(fi.’spft,  t^i.v 

A'sii/rV  v'ty{  otiiH  »/ir  ’tlfldl'W  ij'tb^Tinoits  Xi^t#  **'  w  yy.l^iyto^^3  tnoin^ool  sv'"'  -ov  wfl> 

»•■ 

.ot>*.»oia-''  .bibfirv  C‘.  k 

rtotamh .1a6 1  •atoA  ro  .jCji  »n:H  ertJ «!  aLow  i  H'lv  .^baoiiu^t  ^vU  ^"*1  iv/Axb  fcat©‘tJA«  rW 
mr  i:  bftfiiA  c  Balq/iMif  ar»t}  o^^xfM/flrtr  tojcw  teoo  i>'X£jii7  h(w  rn^b  la^TlsTt  HiTi  bttc  "^tTf 

bn  .4Qat*o<jrtosj  ru  aldijjcnqmo®  m:»W9l^9  v  mt}hoolzslt^  ^f4»oi^ifc•TAyo» 


'.'ik. 


isotopic  signatures  to  those  isolated  from  the  domestic  water  wells.  Isotopic  signatures  of  the 
stable  carbon  13/carbonl2  isotopic  ratio  ranged  between  -45.56°/oo  and  — 49.79°/oo  (per  mil) 
at  the  gas  wells  and  between  -43.79°/oo  and  -48.95°/oo  at  the  water  wells.  The  deeper 
monitoring  wells  showed  signatures  of  the  stable  carbon  isotope  between  -47. 12°/oo  and 
-56.85°/oo.  Water  wells  drilled  into  the  alluvium  overlying  Fruitland  coal  subcrops  within  the 
Pine  River  Ranches  subdivision  showed  higher  concentrations  of  dissolved  solids  (680  ppm) 
and  bicarbonates  than  would  normally  be  anticipated  in  wells  completed  in  alluvium  of  the 
Los  Pinos  River.  High  bicarbonate  levels  characterize  produced  water  from  coalbed  gas 
wells.  Los  Pinos  River  water  sampling  showed  50-100  ppm  total  dissolved  solids.  These 
anomalous  water  quality  parameters  were  dominant  over  the  sub  crops  of  the  Fruitland,  and 
were  conspicuous  by  their  absence  upriver  from  the  subcrop.  A  reduction  in  these  aberrant 
chemical  constituent  concentrations  was  documented  downriver  of  the  subcrops  (Pine  River 
Investigative  Team  Report,  1995  Vol.  III).  These  and  other  water  chemistry  parameters 
indicate  that  coalbed  water  was  flowing  into  the  overlying  alluvium.  Later  evidence 
suggested  water  being  drawn  into  the  coals  (Bennett,  1995),  a  reversal  of  prior  hydrologic 
conditions,  perhaps  altered  by  produced  water  withdrawal  from  the  Fruitland  coalbeds  down- 
dip.  This  observation  was,  however,  considered  unconfirmed. 

Tree  roots  generally  require  between  three  and  five  percent  oxygen  in  the  soil  gas  mixture  to 
maintain  viability.  Soil  oxygen  concentration  between  ten  and  fifteen  percent  is  normally 
required  for  initiation  of  new  roots  and  healthy  root  growth  (Puls,  undated).  Measurements 
revealed  methane  concentrations  as  high  as  97%  by  volume  in  some  soils  of  the  subdivision 
(Bennett,  1996).  Initially,  shrubs  and  bushes  located  in  a  well-defined  strip  parallel  to  the 
strike  of  the  subcrop  of  specific  coal  seams  began  showing  sigits  of  stress,  presumably  due  to 
oxygen  depletion  in  the  soils.  Later,  numerous  large  mature  Ponderosa  Pine  trees  also 
showed  signs  of  stress,  and  gradually  died,  many  within  a  three-year  period.  More  are 
showing  signs  of  imminent  death  at  this  writing  in  1999. 
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Gas  and  Oil  Recnilatory  Team 


Organized  integrated  multi-faceted  monitoring  of  such  physical  parameters  as  water  quality, 
soil  vapor  and  gas  well  surface  casing  pressures  was  nurtured  by  the  environmental  concerns 
at  Pine  River  Ranches  Subdivision.  The  Gas  and  Oil  Regulatory  Team  (GORT)  was  formed  in 
July  and  August,  1994  as  a  data  sharing  ad  hoc  committee  comprised  of  regulatory  agencies 
(BLM,  COGCC,  La  Plata  County),  the  Southern  Ute  Indian  Tribe,  and  gas  industry 
representatives  dubbed  the  Colorado  Petroleum  Association,  each  entity  designating  two 
representatives.  The  initial  directive  was  to  discuss  problems,  gather  data,  and  offer  potential 
solutions  to  the  dilemma  at  the  Pine  River  Ranches  Subdivision.  The  meetings  were  open  to 
the  pubhc  with  time  available  for  community  involvement.  This  collaboration  of  efforts  was  a 
major  success  in  bringing  all  involved  parties  together  to  discuss  problems  and  offer 
suggestions  for  remediation.  Important  studies  were  commissioned  and  relevant  data 
collected  and  shared.  The  BLM-SJRA  was  a  major  contributor,  documenting  findings  on  water 
quality  sampling  and  observed  water-entrained  methane  relationships  over  time  as  related  to 
influence  of  barometric  pressure,  ground  water  table  fluctuation,  etc.  The  Gurr  Federal  gas 
well  was  ordered  by  the  BLM  to  be  shut-in  indefinitely  as  a  result  of  pressure  transient 
analysis  findings.  The  Pine  River  Investigative  Team  Report  (1995)  proposed  straightforward 
cause  and  effect  relationships,  but  industry-funded  independent  consultants  filed  a  counter¬ 
report  proposing  alternative  theories  based  upon  other  assumptions  which  confounded  the 
issues.  The  essence  of  discovery  may  have  therein  been  compromised  through  academic 
pursuits,  suppositions  and  the  enviable  quest  for  substantiating  data,  complete  with 
interpretation.  As  GORT  has  no  legal  binding  authority,  final  decisions  involving  Pine  River 
Ranches  Subdivision  were  relegated  to  the  COGCC  (the  regulatory  agency  with  local 
jurisdiction  over  the  fee  lands  and  minerals  that  were  involved)  in  cooperation  with  the 
primary  gas  operator. 

The  immediate  threat  to  public  health,  safety  and  welfare  at  the  Pine  River  Ranches 
Subdivision  has  been  removed  by  the  gas  operator’s  purchase  of  these  and  other  nearby 
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affected  properties.  GORT  still  functions  as  a  forum  to  discuss  local  issues  potentially 
connected  to  oil  and  gas  production  in  La  Plata  Coimty.  Other  concerns  are  routinely 
submitted  to  the  GORT  forum  and  discussed  in  open  meetings.  The  public  is  invited  to 
comment.  Specific  concerns  are  addressed  by  the  respective  regulatory  entity  having 
jurisdiction. 

Environmental  Monitoring  Including  Soils  -  Incorporated  in  Mitigation  Plans  for  the 

Tiffany  Enhanced  CBM  Project 

Beyond  Pine  River  Ranches,  environmental  monitoring  was  next  applied  to  other  areas  of 
concern,  such  as  the  enhanced  methane  recovery  project  and  infill  drilling  of  prior  designated 
spacing  units.  With  the  luxury  of  now  having  historic  water  quality  and  bradenhead  pressure 
data  compiled  at  the  BLLi-SJRA,  this  database  provided  a  natural  baseline  for  two  specific  areas 
of  atypical  natural  gas  development.  When  the  15-V2  square  mile  Tiffany  Unit  (centered  about 
six  miles  southeast  of  Ignacio,  Colorado)  was  proposed  for  enhanced  coalbed  methane 
recovery  through  nitrogen  injection,  approval  included  a  monitoring  plan  incorporating  BLM 
baseline  data.  A  Contingency  Plan,  largely  developed  by  the  BLM-SJRA  in  cooperation  with  the 
COGCC  and  the  Tiffany  Unit  operator,  stipulated  a  representative  2  l-weU  water-quality 
monitoring  program.  This  “Plan”  utilized  baseline  parameters  obtained  prior  to  the  January 
1998  commencement  of  nitrogen  injection  into  the  coalbeds.  Besides  water  quality  and 
bradenhead  pressure  monitoring,  this  plan  incorporated  soil  vapor  monitoring  with  threshold 
parameter  action  levels.  Several  defective  plugged  and  abandoned  well  bores  were 
identified  by  high  concentrations  of  methane  in  the  surrounding  soil.  These  wells  were  re¬ 
entered  and  remediated  prior  to  nitrogen  injection. 

In  1998  the  COGCC  received  an  application  involving  infill  drilling  of  Fniitland  coalbed  wells 
within  five  miles  of  the  northern  Basin  rim  Q.M.  Huber  proposal).  With  the  precedent  of  the 
Tiffany  Enhanced  Methane  Recovery  Unit  Plan,  similar  environmental  monitoring  was  required. 
Although  no  Federal  jurisdiction  was  involved  in  this  application,  the  San  Juan  Field  Office 
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assisted  in  a  consulting  role.  The  operator  prepared  a  Development  Plan,  which  was 
approved  by  the  COGCC.  The  Development  Plan  included  water  quality  monitoring  in 
seventeen  domestic  water  wells  and  soil  gas  monitoring  along  the  outcrop  of  the  Fruitland 
Formation.  (Huber  and  LT  Environmental,  1998). 

Remediation  Results  Across  the  San  Juan  Basin  of  Colorado  to  Date 
Incorporating  water  quality  data  with  that  of  the  concurrent  bradenhead-testing  program 
authorized  under  NTL-MDO-9 1-1  continues  to  provide  the  necessary  information  to  require 
remediation  of  gas  V7ell(s)  exhibiting  excessive  surface  casing  pressure  and/or  lack  of  well¬ 
bore  integrity.  See  Appendix  B:  Maps  and  Cross-Sections  10  for  a  1994  edition  of  a 
Bradenhead  pressure  map  and  a  map  showing  gas  wells  with  bradenhead  pressure  greater 
than  25  psig  overlain  with  groundwater  methane  concentrations.  Periodic  monitoring  of 
groundwater  quality  conducted  in  1996  and  1998  served  to  guide  the  continuing  effort,  to 
evaluate  groundwater  quality  response  to  remediation  efforts,  and  to  locate  areas  exhibiting 
resurgent  or  newly  identified  methane  contamination. 

One  hundred  and  twenty  water  wells  were  re-tested  during  the  1998  joint  BLM/COGCC  effort. 
Water  wells  located  in  the  vicinity  of  remediated  gas  wells  were  chosen  for  this  study  to 
evaluate  grormdwater  quality  changes  in  domestic  water  wells  by  comparison  with  prior 
baseline  values.  The  intent  of  the  study  was  to  evaluate  the  effectiveness  of  gas  well 
remediation  efforts.  Also  identified  were  areas  that  require  continued  assessment  for 
potentially  defective  gas  well-bores  and/or  further  remediation.  The  forthcoming  report  will 
also  include  tests  conducted  during  1998  monitoring  of  water  quality  at  21  water  wells  in  the 
vicinity  of  the  Tiffany  Enhanced  Methane  Recovery  Unit  and  24  water  wells  in  the  Ticcolote  area 
where  the  J.M.  Huber  Corporation  has  begun  drilling  infill  CBM  wells.  The  final  report  on  the 
1998  water  quality  monitoring  is  pending,  but  preliminary  results  are  summarized  below. 
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Preliininary  findings  of  this  1998  study  are  encouraging.  Based  upon  prior  studies  of  methane 
concentration  in  groundwater  (Pine  River  Investigative  Team  Report,  1995),  the  criteria 
denoting  significant  entrained  methane  concentration  change  was  established  at  a  10-fold 
increase  for  entrained  methane  concentrations  of  less  than  0. 1  mg/L.  An  increase/decrease  of 
5.0  mg/L  is  considered  significant  when  concentrations  vary  between  1.0  mg/L  and  30  mg/L. 
(Due  to  potential  losses  of  methane  during  collection  of  methane-saturated  water, 
concentrations  in  excess  of  30  mg/L  methane  in  water  are  inconclusive  for  comparison  of 
precise  values.)  Using  the  stipulated  criteria,  a  preview  of  this  1998  study  indicates  that  32 
water  wells  tested  in  1998  in  proximity  to  remediated  gas  wells  exhibited  a  reduction  in 
entrained  methane  concentration.  (For  measurement  repeatability  and  documented  methane- 
in-water  concentration  variation  with  respect  to  time/barometric  pressure/water  level, 
reference  BLM,  1994.)  Eleven  wells  showed  an  increase.  Six  weUs  tested  in  1998  had  no  prior 
established  baseline  for  comparison.  Sixty-seven  wells  showed  no  defir.itive  change.  Of  these 
latter  67  wells  showing  no  statistically  significant  change,  latest  test  values  were  lower  at  44 
sites,  higher  at  14  wells,  and  essentially  identical  to  earlier  tests  at  15  locations  (Appendix  C: 
Chart  11). 

Soil  Gas  Monitoring  at  the  Fruitland  Coal  Outcrop  along  the  San  Juan  Basin  Rim 

Measurement  of  soil  gas  (methane,  oxygen,  hydrogen  sulfide  and  carbon  monoxide) 
concentrations  in  coal  outcrops  of  the  Fruitland  Formation  along  the  Basin  rim  is  intertwined 
with  bradenhead  testing  and  water  well  monitoring.  Local  residents  perceived  an  apparent 
increase  in  observed  hydrogen  sulfide  odors  in  the  Carbon  Junction  vicinity  where  the  Animas 
River  is  crossed  by  US  Highway  #550-160  at  Colorado  State  Highway  #3  (known  by  locals  as 
the  High  Bridge).  These  comments  augmented  the  general  concern  that  other  exposures  of  the 
Fruitland  coal  might  be  venting  gas,  as  was  observed  in  the  Los  Pinos  River  Valley.  Therefore, 
an  early  reconnaissance  survey  was  accomplished  by  the  BLM-SJRA  in  May,  1995  (BLM,  1995) 
between  Moving  Mountain  (southeast  of  Durango,  Colorado)  on  the  southwest  and  the  Florida 
River  drainage  to  the  east.  Evidence  of  methane  seepage  from  the  outcrop  was  confirmed  in 
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several  locations,  primarily  in  topographically  low-lying  areas  such  as  valleys  defined  by 
river  and  stream  systems.  Conversely,  methane  seepage  was  conspicuously  absent  at 
topographically  higher  elevations. 

While  no  pre-CBM-development  soil  vapor  baseline  data  exist,  the  recognition  of  vegetation 
mortality  in  recent  years  indicates  degradation  from  prior  soil  gas  conditions.  High  methane 
(and  commensurately  low  oxygen)  concentrations  similar  to  those  observed  in  the  Pine  River 
Ranches  vicinit/  have  been  observed  within  the  Southern  Ute  Indian  Reservation  along  the 
Fniitland  coal  outcrop.  In  the  spring  of  1995,  a  Southern  Ute  Indian  Tribal  geologist  noticed 
extensive  soil  gas  venting  from  Fruitland  basal  coal  seams  at  an  historic  seep  location  on  the 
western  Basin  rim  approximately  7  miles  north  of  the  New  Mexico  -Colorado  State  border. 
While  the  Valencia  Canyon  Gap  seep  had  been  known  to  exist  for  many  years,  the  venting 
intensity  had  notably  increased.  Gas  streams  flowing  from  quarter-inch  diameter  soil  vents 
were  consistently  transporting  sand  grains  from  land  surface  to  a  height  of  several  inches  into 
the  air.  Pinon  and  juniper  trees  and  sagebrush  vegetation  in  the  local  area  were  showing  signs 
of  stress. 
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The  stressed/ dying  trees  were  aligned  congruent  with  the  strike  of  Fniitland  coal  seam 
outcrops  (Figure  5).  Field  analyses  of  the  venting  gases  in  these  zones  of  vegetation  mortality 
showed  methane  concentrations  in  excess  of  the  lower  explosive  limit  of  methane.  Some 
samples  contained  in  excess  of  200-ppm  hydrogen  sulhde.  Soil  oxygen  levels  were  depleted 
to  0. 1  %  oxygen  or  less.  Soon  after  this  discovery  of  toxic  and  flammable  gasses,  the  access 
road  was  expediently  closed  by  Southern  Ute  Indian  Tribal  Council  action  due  to  public  health 
and  safety  concerns. 


Less  than  year  later,  a  half-mile  long  by  fifty  to  seventy-five  foot  wide  swath  of  previously 
healthy  pinon  and  jumper  trees,  sagebrush  and  saltbrush  stood  dead  as  a  stark  testimony  to 
recent  environmental  changes.  This  scenario  is  repeated  in  each  of  five  major  coal  seams  in 
the  Valencia  Canyon  Gap  area. .  The  closest  gas  well  with  high  water  production  is  0.5  miles 
to  the  east.  This  area  appeared  to  respond  quickly  to  the  nearby  water  extraction.  Vegetation 
at  other  sites  more  distant  fiom  high  water  producing  weDs  appeared  to  respond  more  slowly. 
Similar  illustrations  of  recently  altered  soil  conditions  detrimental  to  vegetative  life  were  soon 
noncea  along  tiie  fruitiand  coal  seams  in  ofiier  areas  (S-piieadlx  Map  and  Cross  Secriioas 
11).  Ml  together,  locations  along  the  Frnitland  oatcrop  north  of  the  Mew  Mexico  State  line 
aceomil  for  more  than  eight  miles  of  strsssed/dead  iregetatrcn.  (See  FIgmre  S  bei©w=| 


{  Figure  6:  Dead  sagehriisli  over  Friiltkiicl  hassi  coal  at  Soda  Springs.  (PC  sandstone  outcrop  at  left) 
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Each  lineation  of  dead  vegetation  corresponds  to  a  coal  seam  of  the  Fraitland  Formation; 
however,  to  date  the  majority  of  coal  outcrops  are  not  accompanied  by  stressed  vegetation. 
Soil  gas  testing  within  those  areas  manifesting  strips  of  dead  vegetation  reveals  severe 
oxygen  depletion,  accompanied  by  high  methane  concentration.  (Isolated  locations  were 
observed  where  dead  vegetation  is  not  coincident  with  depleted  soil  oicygen,  but  probably 
relates  to  disease  or  other  factors).  Methane  concentrations  in  the  coalbeds  along  the 
outcrop  have  been  documented  at  1,000,000  parts  per  million  (100  percent  methane). 
Hydrogen  sulfide  concentrations  in  the  soil  exceed  2,000  parts  per  millicn  at  some  soil  vapor 
monitoring  sites. 

With  the  apparent  exacerbation  of  gas  seepage  at  Valencia  Canyon  Gap  and  several  other 
sites  within  the  Southern  Ute  Indian  Reservation,  the  BLM  and  the  Southern  Ute  Indian  Tribe 
launched  a  surficial  reconnaissance  survey.  Geologists  walked  the  Fruitland  outcrop  along 
the  western  flank  of  the  San  Juan  Basin  within  the  Southern  Ute  Indian  Reservation,  making 
note  of  abandoned  mine  sites  and  strings  of  dead  and  stressed  vegetation  or  other  evidence 
possibly  linked  to  increased  methane  gas  seepage  such  as  visible/audible  gas  vents. 
Following  the  initial  reconnaissance,  the  BLM  focused  efforts  on  further  defining  the  extent 
and  concentration  of  soil  gas  constituents.  Approximately  eight  miles  of  the  Fruitland  outcrop 
was  surveyed  in  specific  areas  where  preceding  reconnaissance  recorded  conditions 
suggestive  of  possible  methane  gas  presence.  Locations  exhibiting  stressed/ dying 
vegetation  and  discernable  coal  outcrops  were  targeted  for  sampling.  In  the  absence  of 
either  of  these  physical  indicators,  samples  were  drawn  every  several  hundred  yards  along 
the  outcrop.  With  the  intent  of  monitoring  the  ongoing  concentration  of  methane,  hydrogen 
sulfide,  and  oxygen  in  the  soils,  semi-permanent  soil  vapor  monitoring  stations  were 
established  at  the  extremes  of  stressed  zones,  within  afi'ected  areas,  and  in  transects 
established  perpendicular  to  the  strike  of  the  Fruitland  outcrop.  See  Appendix  B:  Maps  and 
Cross-Sections  12  for  the  current  design  of  soil  vapor  monitoring  stations. 


36 


,AQdumiol% 

•* 


Jl 


•  T^vr  wror 


;iclf.dcTj  *ud  .nii 


f  d?  -  joij 


i  •  -.•It  imoo-i*  ;ort 


,  i«-  .  .  .  io\  n  i.kt»  '^fl 


■t*  b  JO  tqiu 


•  •  f»  ^  ^ 

w  • »  '  •  • 


■  >/ 


I  v»  ^  I*  ^  * 


.^\i'  '.  :,\i  1 


cdc 


(«  . 


f  ’r  /! 


■  ji 


•>•  ,  -j' 


>.  )-,  1-,  .l:ft  \  •{  ..I'JVP 


tv 


>:.ioi3I 


^>?'r  .. 


*  by. 


I  r..'  :r-‘ 


VXiSVTt:' •>- ' 


vri-ri  >■  ?  9/:o  Z 


.Jl"  i’  ■a'-  -  :  ■  i,\s 


ji;  {:  ■'  Isrv  •• 


.  i  I.  -..ILJ-’  \  r 


'a. 


.T  Lc  .o'b^fc•p■■* 


'V.' 


B"* 


nr,?’  .jjl'  '  •■  •  *•  '  •.;  £ 


.:•■•  t-'sr  ‘  ■;i“. :.i  .  M_n 


-s  ♦  ‘  I  * 


.'il 


K 


n 


q-j''.  j-  ;  -. 


!'«ij  ••;iJ  (j>  .  H 

.  /I*  , 

0-; 

•  .;  .  } .  •^t^jrrr 

.  ioiIjm# 
.  •  !..a!0  •^'tr 

r.  ..  tint  itfUsm 


■s  fr  'fttiiVrt'to  3*’"  *zi  L  y  '  ■!'*'•>.  :l  .ii  ■> 


r;f», 


■  i:  u  M  ,.  .-til  nt  x/k  .  • i  s  > 

'-O 

jr.erzm  9f.;  i.  '  SI  aaoJass^  4) 


d 


*  r  « 


f 


f  . 


Additional  monitcaing  stations  supplemented  the  initial  soil  tube  arrays  in  areas  such  as 
topographic  lows  (stream/erosion/fault  valleys)  in  vdiich  no  evidence  of  seepage  was 
detected,  but  at  sites  recognized  as  having  the  greatest  latent  potentials  for  seepage.  Lastly, 
monitoring  stations  were  established  at  documented  USGS  survey  locations  in  horizons 
stratigraphically  above  the  coalbeds  in  the  upper  Fruitland  and  Kirtland  formations,  some 
near  exploratory  coalbed  core  holes  or  gas  weUs.  While  most  monitoring  sites  were 
established  by  Fall  1995,  forty-six  were  installed  as  late  as  Summer  and  Fall  1998.  The  latter 
sites  were  installed  in  response  to  proposed  infill  drilling  activity  along  the  northwestern  flank 
of  the  San  Juan  Basin.  In  all,  184  monitoring  locations  have  been  established  along  the  north 
and  western  flank  of  the  Basin  within  the  exterior  boundaries  of  the  Southern  Ute  Indian 
Reservation.  More  sites  are  pending  installation  to  specifically  monitor  the  outcrop  influence 
of  proposed  mitigation  wells.  Enervest  (one  of  the  gas  operators  in  this  area)  installed  a  10- 


foDt  hj  85-foot  soil  vapor  collector  over  the  basal  coal  seam  at  the  site  of  the  V alencia  CsnTon 
Gap  seep  to  monitor  cumulative  gas  2iix  and  composition  emanating  mom  the  outcxop.  This 
collector  (Figure  I  below)  has  been  instniinental  in  coEecting  data,  especiaSy  during  the 


time  period  subsequent  to  the  slant-well  mitigation  measure  of  Winter  1996. 


Figure  7:  Valeseis  Gsp  Soli  Gas  Collector 
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(These  slant  wells,  drilled  into  coal  exposures  in  an  effort  to  capture  free  gas  in  the  near 
subsurface  before  migrating  to  the  outcrop,  are  further  discussed  under  the  “Mitigation  to 
Date”  section.) 

Concurrent  with  the  activity  within  the  Southern  Ute  Indian  Reservation,  the  discovery  and 
documentation  of  methane  and  hydrogen  sulfide  seeps  along  the  Fruitland  outcrop  north  of 
the  Southern  Ute  Indian  Reservation  and  possible  implications  were  discussed  in  a  public 
forum  of  GORT.  A  consortium  of  efforts  largely  funded  by  the  COGCC  and  industry  (with  BLM 
participation)  enabled  an  outcrop  study  extending  from  the  Southern  Ute  Indian  Reservation 
northern  boundary  line  on  the  southwest  to  the  Archuleta  County  boundary  to  the  north  and 
east.  A  soil  vapor  reconnaissance  was  performed  by  Direct  Geochemical  (Stonebrooke, 
1996)  supplementing  the  initial  BLM  reconnaissance  of  Spring  1995.  A  fracture,  cleat  and 
coalbed  mapping  study  was  accomplished  by  the  USGS  (Condon  and  others,  1997).  L.T. 
Environmental,  Inc  (L.T.  Environmental,  1998)  installed  senu-permanent  soil  gas  measuring 
probes  and  soil  gas  flux  chambers  in  1997.  An  earlier  study  (BLM,  1994)  detected  methane  at 
high  concentrations  in  domestic  well  water  along  the  South  Fork  of  Texas  Creek  (northwest  of 
Bayfield,  Colorado).  The  subsequent  soil  vapor  testing  in  1996  showed  methane-saturated 
soils.  Patches  of  dead  vegetation  confirmed  the  lack  of  soil  oxygen  available  to  plant  roots. 
One  hundred  and  sixty-one  stations  were  ultimately  installed  north  of  the  Southern  Ute  Indian 
Reservation  to  allow  periodic  soil  gas  concentration  measurements.  Six  flux  (soil  gas  flow) 
measurement  chambers  and  one  weather  station  were  positioned  over  soils  exhibiting  nucro- 
seepage  of  methane.  These  were  equipped  with  solar  panels  and  data  loggers  to  provide 
continuous  data  collection. 

To  date  346  soil  vapor  monitoring  sites  have  been  established  in  the  Fruitland  outcrop  along 
45-50  rmles  of  the  northern  and  western  San  Juan  Basin  rim.  These  sites  were  installed 
through  cooperation  of  the  BLM,  COGCC,  Southern  Ute  Indian  Tribe,  La  Plata  County  and  the 
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gas  industry.  Monitoring  is  primarily  accomplished  by  the  BLM,  San  Juan  Field  Office  (SJFO) 
at  intervals  ranging  from  monthly  to  quarterly.  L.T.  Environmental  is  currently  commissioned 
to  collect  data  from  the  flux  chamber  sites  and  the  weather  station  under  the  auspices  of  the 
COGCC  and  industry. 

Soil  Vapor  Monitoring  Reflects  Dewatering  and  the  Coalgas  Isotherm 
Ongoing  measurements  are  critical  in  assessing  the  effects  of  Basin-wide  water  extraction 
from  the  Fruitland  coalbeds.  As  water  is  produced  from  coalbeds  down-dip  from  the  outcrop, 
the  hydrostatic  pressure  is  reduced  most  dramatically  in  the  vicimty  of  each  well  bore.  The 
influence  of  coalbed  water  withdrawal,  which  is  manifested  as  a  decrease  in  hydrostatic 
pressure  within  the  various  coal  seams,  would  be  expected  to  diminish  with  increased 
distance  from  gas  well(s).  Hydrostatic  pressure  reduction  on  the  coalbeds  in  turn  allows 
sorbed  gas  to  be  desorbed  when  the  pressure  is  lessened  sufficiently. 

The  coal  isotherm  (Appendix  C:  Charts  Ib)  is  a  graphical  representation  of  the  relationship 
between  the  release  of  adsorbed  coalgas  (in  cubic  centimeters  per  gram  of  coal)  and  the 
effects  of  pressure  at  a  specified  temperature.  By  consulting  this  chart,  it  is  possible  to 
predict  the  equilibrium  adsorption/desorption  isotherm.  This  isotherm  depicts  the  amount  of 
gas  anticipated  to  be  released/desorbed  from  the  coal  at  prevailing  conditions  of 
temperature  and  pressure. 

Carbon  dioxide  has  a  greater  affinity  for  coal  than  does  methane.  Therefore,  as  reservoir 
pressure  is  reduced,  methane  will  be  desorbed  first.  Thus,  early  stages  of  reservoir  pressure 
reduction  yield  gas  with  a  methane  component  often  in  excess  of  99  percent  by  volume.  As 
reservoir  pressure  is  further  reduced,  the  carbon  dioxide  component  increases.  With  each 
incremental  pressure  reduction,  commensurately  more  gas  will  be  released,  but  the  carbon 
dioxide  component  will  accoimt  for  an  increasing  portion  of  the  gas  mixture.  Coalgas 
production  may  be  limited  by  economic  factors  when  the  carbon  dioxide  component  of  the 
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natural  gas  reaches  a  threshold  concentration  at  which  the  cost  of  carbon  dioxide  removal  is 
prohibitive.  At  current  gas  prices,  this  threshold  may  be  breached  when  the  carbon  dioxide 
component  of  the  produced  gas  stream  exceeds  20%  by  volume. 

This  change  in  coalgas  composition  is  well  illustrated  by  Appendix  C:  Chart  12,  which 
illustrates  the  changes  observed  in  soil  gas  composition  at  the  Valencia  Canyon  Gap 
Collector.  The  methane  component  has  decreased  from  91%  in  1995  to  84%  in  July  1999. 
Conversely,  the  carbon  dioxide  portion  has  increased  from  roughly  9%  in  1996  to  nearly  16% 
in  July  1999.  In  October  1999  soil  vapor  tube  determinations  at  seven  sites  surroimding  the 
collector  yielded  carbon  dioxide  in  concentrations  from  15%  to  18%.  This  same  phenomenon 
may  be  perpetuated  along  the  entire  Fruitland  coal  outcrop  as  water  saturation  of  the  near¬ 
surface  coalbeds  decrease.  Initial  high  methane  concentrations  would  be  anticipated  to 
decline  with  a  commensurate  increase  in  the  carbon  dioxide  component.  Monitoring  for  the 
carbon  dioxide  component  of  soil  gas  was  initiated  in  October/November  1999,  revealing 
carbon  dioxide  concentrations  as  high  as  36%  at  one  site  directly  up-canyon  from  a  shallow 
gas  well  converted  to  monitoring  status.  Methane  decreases  may  in  part  reflect  the  release  of 
greater  percentages  of  carbon  dioxide  from  the  coal.  Methylotrophic  bacterial  oxidation  of 
methane  in  near-surface  environments  also  produces  carbon  dioxide  (Bennett  and  Lee,  1996). 
One  third  of  the  soil  vapor  tubes  showing  significant  change  in  methane  concentration  are 
decreasing.  The  respective  gas-to-coal  affinity  relationship  combined  with  bacterial 
oxidation  effects  may  explain  why  some  sites  along  the  outcrop  exhibit  waning  (or  fluctuating) 
soil  vapor  methane  (LEL)  concentrations. 

While  de-watered  Fruitland  coal  exposures  may  most  readily  manifest  the  influence  of  low 
pressures  predicted  by  the  coalgas  isotherm,  similar  responses  would  be  anticipated  in 
coalgas  wells  where  the  reservoir  pressure  is  reduced  at  depth.  Indeed,  higher  carbon 
dioxide  gas  content  (to  20%)  is  currently  being  observed  in  portions  of  the  basin  where 
reservoir  pressures  have  been  reduced  the  most  dramatically.  Northern  Basin  infill  gas  weUs 
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drilled  in  1999  still  encounter  virgin  reservoir  pressures  and  initially  produce  gas 
characterized  by  greater  than  99  percent  methane  and  only  several  tenths  of  a  percent  carbon 
dioxide  (Zimmerman,  1999). 

Hydrostatically  “Over-pressured”  Coalgas  Wells 

The  greatest  change  in  reservoir  pressure  gradient  will  occur  at  the  well  bore  from  which  gas 
is  being  produced.  The  pressure  gradient  front  will  gradually  extend  to  the  surface  outcrop, 
assuming  that  the  porosity  of  the  entire  coal  seam  is  initially  water  saturated  and  that  the  coals 
at  the  outcrop  are  hydraulically  connected  to  the  coals  produced  at  the  gas  well(s). 

Virgin  (original)  reservoir  pressure  approximates  hydrostatic  head.  “Over-pressured” 
(similar  to  artesian)  conditions  are  common  at  Basin-interior  gas  wells.  The  Fruitland 
coalbeds  ascend  from  a  depth  of  2500-3500  feet  in  the  interior  of  the  Basin  to  the  surface  at 
Basin  rim  outcrops.  At  a  “flexure”  zone  that  lies  approximately  one  mile  inside  of  the  Basin 
rim  coal  exposures,  the  coalbeds  abruptly  increase  in  dip  angle  from  several  degrees 
basinward  to  20-50  degrees  at  the  outcrop.  Coalbed  exposures  around  the  Basin  rim  lie 
several  thousand  feet  higher  in  elevation  than  the  locations  of  the  Basin-interior  coalbed  gas 
wells.  This  geomorphologic  condition  allows  Basin  rim  coalbeds  to  be  recharged  by  direct 
inflow  from  precipitation  events,  rivers  crossing  the  coalbeds,  percolation,  etc.  (Preliminary 
investigation  suggests  that  precipitation  events  may  accoimt  for  a  mere  0.2%  of  the  total 
coalbed  recharge.)  Connate  water  trapped  in  the  coalbeds  at  the  time  of  deposition  could  be 
a  factor  in  the  saturation  of  coal  beds  elevated  above  effective  recharge  areas.  Groundwater 
springs  known  to  exist  at  numerous  locations  along  the  Basin  rim  coalbeds  during  the  pre- 
CBM  production  era  indicate  that  the  piezometric  surface  (elevation  of  water-saturation)  in 
these  Basin-rim  coals  was  well  above  the  elevation  of  the  springs.  This  implies  that  the 
coalbeds  were  effectively  saturated  below  these  elevations.  The  influence  of  the  weight  of  a 
column  of  water  equal  in  height  to  the  difference  in  elevation  between  the  level  of  water- 
saturation  in  the  Basin  rim  coalbed  and  the  elevation  of  the  coalbed  in  the  gas  well  is  reflected 
in  the  reservoir  pressure  observed  within  a  Basin-interior  CBM  well-bore.  The  additional 
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(over-pressure)  ezerted  by  this  hydrostatic  head  equals  approxiinately  0.433  jjsi  (the 
pressure  exerted  by  a  one  foot  column  of  water)  multiplied  by  the  elevation  difference 
between  the  surface  elevation  of  the  gas  well  and  the  piezometric  surface  in  the  respective 
coalbed  expressed  at  the  basin  ffinge.  The  schematic  stratigraphic  cross  section  following 
illustrates  the  foregoing  discussion. 


SCHEMATIC  OF STMATIGFMFMC  CROSS 
SECTION  ILLUSTRATING  COALGAS  WELL 
OVERPMESSUFJZEB  MY HYBEOSTATIC HE/iB 


I  Grojmdwater  Level 
I  Ib  Coal  sear  Ontorop 


As  the  coals  are  de-watered  through  production  in  the  Basin  interior,  outcrop  wells  would  be 
susceptible  to  drawdown  effects  if  the  coalbeds  are  continuous  and  relatively  permeable 
between  the  producing  area  and  the  outcrop.  The  coal  isotherm  predicts  that  a  lessening  of 
hydrostatic  pressure  would  be  accompanied  by  an  increase  in  desorbed  gas  (Appendix  C: 
Chart  Ib).  The  Basin  rim  springs  mentioned  previously  have  diminished.  Some  no  longer 
flow.  Shallow  water  wells  in  the  coal  outcrop  (Houston  water  well,  Henderson  water  well,  and 
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some  Texas  Creek  wells)  initially  showed  water  within  the  coal  at  very  shallow  depths  (a  few 
feet  to  a  few  tens  of  feet).  The  Henderson  water  well  is  now  dry.  The  groundwater  level  in  at 
least  one  Texas  Creek  well  has  decreased  substantially. 

Soil  Gas  Monitoring  Results 

Monitoring  data  have  been  collected  from  soil  vapor  tubes  strategically  located  on  the 
Fruitland  Coal  Outcrop  for  over  4  years.  Many  locations  showed  methane  saturation  of  the 
soils  at  the  onset  of  monitoring,  while  other  locations  showed  no  measurable  methane.  Imtial 
monitoring  was  analyzed  with  an  explosivity  meter  equipped  with  catalytic  sensor  displaying 
concentration  of  methane  gas  in  the  soil  as  a  percent  of  the  lower  explosive  linrut  of  methane 
(LEL).  A  one-percent  LEL  reading  is  equivalent  to  500  parts  per  million  (ppm)  methane  by 
volume  in  air.  Likewise  a  100%  LEL  reading  would  equate  to  5  percent  methane  by  volume 
(50,000  ppm).  This  is  the  lowest  concentration  of  methane-in-air  which  would  create  an 
explosive  atmosphere.  The  upper  explosive  limit  for  methane  (UEL)  is  15  percent  methane  by 
volume,  above  which  the  methane-to-oxygen  ratio  would  be  too  rich  to  ignite. 


Soil  vapor  sites  generally  depicted  seasonal  patterns  that  fluctuated  in  response  to  soil 
surface-sealing  events  such  as  precipitation  and  frost,  in  contrast  to  dry,  warm  periods. 
Precipitation  and  frost  tended  to  alter  the  physical  structure  of  the  soil  porespaces  rendermg 
the  soil  less  permeable.  During  soil  surface-sealing  events,  the  preferential  escape  route  for 
soil  gas  flow  was  through  the  unrestricted  soil  vapor  tubes  due  to  their  penetration  through 
the  surface  seal.  (Similar  responses  were  noted  in  protected  crawl  spaces  beneath  homes  in 
the  Pine  River  Ranches  Subdivision.  Methane  concentrations  were  highest  in  the  crawl  spaces 
following  rainstorms.)  Annual  cycles  depict  highest  methane  concentrations  aroimd  March 
with  secondarily  high  concentrations  around  August,  with  the  rest  of  the  year  showing 
considerably  lower  concentrations  (Appendix  C:  Chart  13).  From  an  environmental 
perspective,  the  most  disconcerting  changes  were  those  noted  at  soil  vapor  tube  locations 
which  iiutially  harbored  low-to-insignificant  combustible  gas  concentrations,  but  later 
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exhibited  escalating  TiETi  values.  These  identified  sites  were  actively  undergoing  soil  gas 
composition  changes  reflective  of  environmental  change,  po^ibly  induced  by  coalbed  water 
extraction.  The  foUovnng  Chart  14a  shows  three  soil  vapor  tube  responses  to  changes  in  soil 
gas  composition.  Also  see  Appendix  C;  Chart  14b  and  14c  for  historic  trends  of  hydrogen 
sulfide  in  the  Cinder  Buttes  area  and  annual  trends  of  methane  concentration  of  soil  gas  at  site 
#230,  a  mile  south  of  Valencia  Canyon  Gap. 
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account  instrument  variability/  accuracy/temperature.  See  “Appendix  A:  Data  Statistics” 


for  an  explanation  of  statistical  methods  employed  and  charts  generated-  In  the  statistical 
trends  investigated,  a "  95%  significance  level"  indicates  that  the  probability  of  the  observed 
data  being  due  to  pure  chance  is  less  than  5%;  a  "99%  significance  level"  means  that  the 
probability  of  the  observed  data  being  due  to  pure  chance  is  less  than  1  %.  There  are  several 
kinds  of  “T”  tests.  The  one  used  here  is  a  "T”  test  for  the  equality  of  the  means  of  two 
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populations  with  unknown  variances.  In  this  case  the  two  popiilations  are  the  soil  vapor 
levels  before  and  after  the  cutoff  date.  Samples  from  each  population  (in  this  case,  the 
readings  before  and  after  the  cutoff  date)  are  taken  and  the  sample  mean  and  standard 
deviation  computed.  These  are  entered  into  an  algorithm  to  produce  a  significance  level. 

The  test  takes  into  accormt  both  the  difference  in  means  and  the  amount  of  internal  variation  in 
each  sample.  Other  things  being  equal,  the  greater  the  difference  between  the  means  of  the 
samples,  the  higher  the  significance  level.  However,  other  things  being  equal,  the  greater 
the  standard  deviation  of  one  or  both  samples,  the  lower  the  significance  level  of  the  test. 

Of  184  soil  vapor  tube  locations  within  the  exterior  boundaries  of  the  Southern  Ute  Indian 
Reservation,  sufficient  data  to  permit  statistical  analysis  had  been  collected  at  133  sites. 
Significant  increases  in  methane  concentration  (99%  confidence  level)  were  reflected  at  54 
sites;  7  additional  sites  showed  less  significant  methane  increases  (95%  confidence  level). 
Fourteen  sites  indicated  a  substantial  decrease  in  methane  concentration  (99%  confidence 
level)  and  17  additional  sites  showed  a  less  significant  decrease  (95%  confidence  level). 

T-tests  using  log  (LEL)  showed  very  similar  results  with  several  more  sites  showing  upward 
trends  and  several  fewer  showing  trends  of  decline.  Sen  and  Mann-Kendall  statistical 
indicator  tests  were  not  dependent  upon  an  arbitrary  cut-off  date,  but  captured  increases  and 
decreases  over  the  entire  period  of  measurement.  These  tests  are  also  less  sensitive  to 
details  such  as  changes  in  magnitude  introduced  by  the  use  of  different  measuring 
instruments.  The  Sen  and  Mann-Kendall  analyses  depicted  almost  identical  resiilts  when 
compared  to  the  “T”  tests. 

There  were  97  reservation  sites  with  sufficient  measurements  of  hydrogen  sulfide  to  compute 
T-tests.  The  hydrogen  sulfide  component  of  the  soil  vapor  increased  at  7  sites  with  a  99% 
confidence  level  and  3  more  increased  when  the  confidence  level  was  reduced  to  95%. 

There  were  no  hydrogen  sulfide  decreases  at  the  99%  level  and  only  2  at  the  95%  confidence 
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rating  (Chart  14d  below).  Soil  vapor  emission  rate  comparisons  at  133  sites  over  the  same 
time  span  showed  that  flow  increased  dramatically  at  6  sites  (99%  confidence  level),  with  4 
additional  sites  ezhibiting  a  less  impressive  increase  in  flow  (95%  confidence  level). 
Substantial  flow  decreases  occurred  at  5  sites  (99%  confidence  level),  while  16  more  sites 


exhibited  a  less  significant  decrease  in  flow  volume  (95%  confidence  level).  The  remainder 
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It  is  important  to  note  that  a  decrease  in  methane  concentration  does  not  necessarily  suggest  a 
mitigation  efiect.  A  decrease  in  methane  concentration  would  be  adjected  to  accompany 
greatly  reduced  reservoir  pxressure.  Methane  is  the  first  gas  to  be  released  from  the  host  coal 
following  reduced  reservoir  pressure.  Carbon  dioxide  has  a  greater  affinity  for  the  coal  and 
is  only  released  after  greater  pressure  reduction.  As  reservoir  pressure  within  the  coalbed(s) 
is  decreased,  more  carbon  dioxide  and  proportionately  less  methane  are  released  according 
to  the  coalgas  isotherm.  The  baseline  for  carbon  dioxide  monitoring  was  established  by 
testing  within  the  exterior  boundaries  of  the  Southern  Ute  Indian  Reservation  during  October 
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1999.  The  establishment  of  a  baseline  on  private,  State  of  Colorado,  and  lands  north  of  the 
Southern  Ute  Indian  Reservation  is  scheduled  for  November  1999. 

Of  the  sites  located  on  public  and  private  lands  north  of  the  Southern  Ute  Indian  Reservation 
exterior  boundary,  sufficient  data  to  permit  statistical  analysis  had  been  collected  at  147  of 
162  total  locations.  No  sites  showed  a  statistical  “T-test”  increase  in  soil  gas  concentrations  of 
methane.  At  the  99%  confidence  level  2  sites  showed  a  definite  methane  component 
decrease,  while  no  additional  decreases  were  noted  when  the  95%  confidence  level  criteria 
was  applied.  Sen  estimators  and  Mann-Kendall  statistics  show  methane  concentration 
increases  at  10-12  sites  (at  95%  confidence)  and  decreases  at  1-5  sites.  A  single  site  showed 
the  hydrogen  sulfide  concentration  to  be  on  the  increase  at  the  95%  confidence  level,  but 
none  under  the  99%  criteria  using  the  “T  test”.  No  decreases  in  hydrogen  sulfide  gas 
components  were  observed  at  either  95%  or  99%  confidence  levels.  Gas  flow  at  one  site 
statistically  decreased,  given  the  95%  boundary,  but  no  other  statistically  viable  flow  changes 
were  apparent. 

In  understanding  the  foregoing  statistical  analysis,  several  cautions  must  be  considered.  Due 
to  the  shorter  diiration  (one-year)  of  monitoring  at  the  50  northern-most  stations,  statistical 
tests  would  be  inconclusive;  increases/decreases  may  be  seasonal.  Therefore  statistical  tests 
on  these  sites  have  been  delayed  until  additional  monitoring  is  complete.  Other 
interpretative  discretion  must  also  be  applied.  Statistically  significant  changes  may  not 
always  reflect  actual  trends.  For  instance,  a  change  from  0  ppm  to  1  ppm  or  even  100  ppm 
could  be  reported  as  a  significant  statistical  change,  while  in  reality  such  data  variation  might 
only  reflect  instniment  inaccuracy  at  or  near  the  detection  limits  for  a  particular  gas.  This  is 
especially  true  when  measuring  methane  concentration  with  the  Industrial  Scientific  “ATX- 
620”,  which  has  a  lowest  detection  limit  of  50  ppm.  Sites  that  rapidly  increased  from  low 
values  to  a  crescendo  in  the  first  year  and  maintained  at  similar  concentration  might  escape 
detection  as  statistical  increases.  Decreases  in  methane  content  coffid  be  attributable  to  early 
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mitigation  attempts,  but  more  likely  are  the  result  of  methane  replacement  by  carbon 
dioxide  as  predicted  by  the  coalgas  isotherm  at  reduced  reservoir  pressure.  Further 
monitoring  of  carbon  dioxide  concentrations  will  serve  to  clarify  the  issue  (Appendix  C: 

Chart  12).  Marked  increases  generally  correlate  to  basal  and  intermediate  coalbeds  located 
up-dip  of  CBM  wells  producing  considerable  quantities  of  water. 

Water  well  methane  concentration  variations  over  the  past  decade  were  also  reviewed  for 
statistical  comparisons.  Due  to  the  infrequent  testing  of  water  wells,  meaningful  statistical 
analyses  could  not  be  attained.  Nevertheless,  preliminary  indications  from  1998  testing  of  1 17 
water  wells  located  in  proximity  to  remediated  gas  wells  show  an  order-of-magmtude 
decrease  in  methane  content  from  prior  tests  at  22  wells.  Order-of-magnitude  increases  were 
documented  at  1 1  wells.  Less  variation  was  noted  at  67  wells.  Of  these  latter  wells,  the  latest 
test  values  were  lower  at  44  sites,  higher  at  14  wells  and  essentially  identical  to  baseline  values 
at  15  locations.  Six  wells  had  no  pre-existing  baseline  data  for  comparison.  (See  Appendix 
C:  Chart  11. 

Fruitland  Coalbed  Water  Production 

Significant  changes  at  some  outcrop  sites  are  just  beginning  to  show  definitive  increases  after 
nearly  10  years  of  coalbed  water  production.  Appendix  C:  Chart  15  shovTS  the  rapid  recent 
response  of  a  soil  vapor  tube  1.5  miles  distant  from  a  group  of  high  water  producing  gas  wells 
in  the  Cinder  Buttes  area.  Several  soil  vapor  tubes  along  the  outcrop  up-dip  from  these  gas 
wells  now  show  greater  than  2,000  ppm  hydrogen  sulfide  (Appendix  C:  Chart  14b)  and 
contain  an  ethane  component,  representing  recent  change.  Accompanying  charts  show  daily 
water  production  since  1990  from  the  four  closest  Fruitland  coalbed  wells.  In  the  Colorado 
Portion  of  the  San  Juan  Basin  approximately  250,000,000  barrels  of  water  have  been  produced 
to  date  from  the  Fruitland  coalbeds.  Cumulative  water  production  from  four  wells  in  the 
northern  portion  of  the  Basin  has  exceeded  4,000,000  barrels  of  water  per  well.  Over  30  wells 
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have  produced  in  excess  of  950,000  barrels  of  water  (Appendix  C:  Chart  16;  Appendix  B: 
Maps  and  Cross  Sections  13). 

Soil  Temperature  Data  Loggers 

Another  aspect  of  soil  monitoring  is  the  placement  of  data-logging  temperature  sensors  in 
Fruitland  coal  exposures.  A  total  of  ten  sensors  were  set  during  Summer  1999,  with  nine 
located  north  of  the  Southern  Ute  Indian  Reservation.  These  temperature  loggers,  set  in 
protective  PVC  chambers,  record  soil  temperatures  at  a  depth  of  approximately  three  feet 
below  the  land  surface.  Annual  trends  will  be  assessed.  Temperature  increases  in  the  shallow 
coals  may  give  insights  as  to  whether  the  coalbed  temperatures  are  approaching  the  self¬ 
heating  potential  range  of  the  respective  coal.  The  loggers  were  first  initialized  in  April  and 
May  1999,  with  the  first  set  of  readings  taken  in  June  and  July  1999.  Insufficient  time  has 
elapsed  to  differentiate  abnormal  temperature  fluctuations  from  seasonal  variations. 

Aerial  Photography 

Near  infrared  and  thermal  infrared  aerial  photography  are  useful  tools  for  monitoring  stressed 
vegetation  and  coal  fires  respectively.  Near  infrared  photography  can  be  used  to  detect 
decreases  in  water  content  within  leaf  cell  structure,  which  indicate  vegetative  stress  or  death. 
In  a  joint  effort,  the  BLM,  the  Southern  Ute  Indian  Tribe,  and  gas  operators  collected  near- 
infrared  data  over  the  Southern  Ute  Indian  Portion  of  the  western  Hogback  Monocline  in 
September  1996.  These  data  showed  strips  of  dead  and  stressed  vegetation  overlying  the  coal 
outcrop  along  known  methane  seeps.  The  study  was  so  effective  in  defining  the  areas  of 
methane  seepage  that  another  survey  was  flown  in  July  1999.  Results  are  currently  being 
evaluated.  Periodically  conducting  near-infrared  surveys  in  the  future  will  greatly  aid  in 
assessing  changes  to  vegetative  health  in  the  coal  outcrop  area.  Thermal  infrared  aerial 
photography  was  also  flown  in  July  1999.  Thermal  infrared  is  the  radiant  heat  portion  of  the 
electromagnetic  spectrum  that  lies  between  3  and  14  micro-meters  in  wavelength. 

Anomalous  heat  patterns  may  indicate  coalbed  fires.  Results  of  the  July  1999  survey  are 
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currently  being  evaluated.  Apparent  hotspots  from  the  survey  miist  be  verified  on  the 
ground.  If  this  tool  proves  reliable,  periodic  surveys  of  thermal  infrared  photography  could 
greatly  aid  in  tracking  known  coal  fire  activity  and  detecting  of  new  or  resurgent  coal  fire 
occiurences. 

Other  Environmental  Concerns  -  Coal  Fires 

In  five  specific  areas  within  the  Southern  Ute  Indian  Reservation  along  the  Basin-rim,  coalbeds 
burning  beneath  the  land  surface  have  recently  been  discovered.  While  there  is  evidence 
that  Fruitland  coals  have  burned  pre-historically,  moribund  trees  and  recent  surface  collapse 
features  point  to  a  recent  resurgence  of  fire  activity.  The  heat-of-hydration  can  facilitate 
spontaneous  combustion  of  underground  coal  when  the  water  table  fluctuates.  Coal  most 
susceptible  to  self-heating  is  characterized  by  high  intrinsic  moisture  and  oxygen  content,  as 
found  in  low-rank  coal  such  as  sub-bituminous  coal  and  lignite  (SarneckL,  1991).  The  heat  of 
wetting  can  be  greater  than  the  heat  of  oxidation  (Kuchta  et  al,.  1980).  If  the  coalbed  is  an 
aquifer  (as  it  tends  to  be  in  these  areas),  and  the  water  table  normally  fluctuates,  if  only 
slightly,  with  seasonal  precipitation  recharge,  the  heat  of  wetting  potential  is  increased 
dramatically  by  water  removal.  When  water  levels  drop  in  these  confined  aquifers,  ambient 
air  is  drawn  into  the  coalbeds,  thus  supplying  the  necessary  oxygen  to  support  combustion  or 
further  oxidation  of  the  coals.  Once  the  lower  self-heating  temperature  (SHT)  of  the  coal 
(defined  by  the  rank  of  the  specific  coal,  with  lower-ranked  coals  having  the  lowest  SHT)  is 
breached,  the  self  heating  tendency  of  the  coal  produces  a  sustained  exothermic  reaction 
(Smith,  1989)  increasing  oxidation  until  smoldering  and  combustion  occur.  The  self-heating 
temperatures  for  some  coals  can  be  as  low  as  30  degrees  centigrade  in  lignite  and 
subbituminous  coals,  and  that  for  bituminous  coals  can  be  as  low  as  60  degrees  centigrade 
(Kuchta  et  al,  1980).  In  areas  where  current  coal  fires  have  been  recognized  in  1998-99, 
armual  precipitation  is  low.  Therefore  down-dip  extraction  of  water  could  have  a  substantial 
effect  by  dewatering  the  shallow  coals  if  the  seams  are  hydraulically  connected  to  the  nearby 
producing  gas  wells.  Several  of  the  coal  fire  sites  are  in  areas  of  recent  wildfires.  Actual 
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Figure  8:  Cos!  Sres  sear  Cisier  Biittes 


Figure  9:  Coal  Fires  sear  Cisder  Bisttes 
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The  newly  recognized  coal  fires  (figures  8  and  9)  were  first  detected  by  the  presence  of 
steam  condensate  plumes  evident  in  cold  weather,  smoky  vents,  and  distinct  pungent  odors. 
Vents  are  high  in  carbon  monoxide  with  smaller  hydrogen  sulfide  and  sulfur  dioxide 
components.  Only  minor  amounts  of  methane  are  detected  in  coal  fire  vapors  due  to  the 
methane  being  consumed  by  combustion.  Many  vents  are  moist,  host  mossy  growths,  and 
show  black  stains  of  soot,  scorched  roots  and  grass.  Infrared  thermometer  readings  indicate 
vent  temperatures  at  the  surface  as  high  as  several  hundred  degrees  Fahrenheit. 

Other  Environmental  Concerns  -  Hot  Springs 

During  1997  attention  was  brought  to  La  Plata  County  officials  that  a  small  hot-springs  located 
on  private  property  in  the  north  Animas  Valley  was  exhibiting  peculiar  behavior.  Owners 
reported  that  the  flow  rate  and  temperature  had  gradually  increased  over  the  past  5  years, 
and  that  the  water  had  become  too  hot  for  customary  household  use.  Temperatures  as  high  as 
133  degrees  Fahrenheit  and  flows  to  65  gallons  per  minute  (gpm)  were  documented  at  that 
time.  Chemical  analyses  of  the  water  indicated  an  increase  in  sodium  content  from  400  ppm 
to  784-800  ppm  and  an  increase  in  sulfates  from  938  ppm  to  2150  ppm,  when  compared  to  a 
1970  test.  The  Hickerson  Hot  Springs  issues  from  the  Entrada  Sandstone,  or  possibly  from  the 
overlying  Pony  Express  Limestone.  (Entrada  water  would  normally  present  a  signature  with 
high  sodiiun  and  chloride  content,  while  Dakota  water  would  show  a  significant  sulfate 
component.)  Trees  below  the  spring  were  stressed,  with  some  mortality.  In  recent  years 
snow  melted  quickly  in  the  yard,  on  the  pavement  of  County  Road  #250  in  front  of  the 
property  for  a  length  of  several  hundred  feet,  and  in  the  pasture  on  the  west  side  of  CR  #250. 

Produced  water  from  Fruitland  coalbed  gas  wells  in  the  northernmost  portion  of  the  San  Juan 
Basin  has  been  injected  into  deep  water  disposal  wells  (WDW)  of  non-productive 
hydrocarbon  or  non-potable  water  (greater  than  10,000  ppm  total  dissolved  solids)  horizons. 
These  horizons  include  the  Mesaverde,  Bluff  and  Entrada  sandstones,  which  have  been 
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utilized  as  disposal  zones  since  1988,  1990  and  1989  respectively.  Produced  water  injection 


at  the  Simon  Land  and  Cattle  #  1  water  disposal  well  (the  closest  WDW  to  the  Hickerson  Hot 
Springs,  nearly  9  miles  distant)  commenced  in  1989.  Injection  records  show  that  in  early  1993 
an  increase  in  pressure  was  required  to  drive  the  water  injection,  lasting  until  mid  1996.  In 
mid- 1996  a  dramatic  decrease  in  the  injection  pressure  was  observed  (Appendix  C:  Chart 
II).  Evaluations  following  an  April  1998  pressure  Falloff  test  conducted  by  Ouesta 
Engineering  Corporation  (Ouesta,  1998)  concluded  that  radial  flow  occurred  only  for  a  brief 
initial  period  during  the  test,  with  subsequent  pressure  response  dominated  by  boundary 
effects.  The  model  suggested  relatively  high  permeability  close  to  the  well-bore 
(approximately  100  millidarcys) ,  three  no-flow  boundaries  at  approximately  1600  feet 
channeling  water  flow  toward  a  fourth  constant  pressure  boundary  with  significantly  higher 
permeability  encountered  at  greater  than  1  mile. 

A  second  fall-off  test  was  performed  by  Amoco  in  December  1998  (Yeh,  1999).  The  shape  of 
the  pressure  response  from  this  second  test  was  similar  to  that  of  the  previous  falloff  test.  This 
test  suggested  relatively  high  fracture-stimulation  near  the  well  bore  and  the  probable 
existence  of  three  no-flow  boundaries.  Induced  permeability  over  the  life  of  the  well  due  to 
injected  fluid  along  a  permeability  enhancement  in  a  single  direction  -  a  high  unidirectional 
permeability  streak-  to  an  additional  large  pore  volume  at  distance,  or  multiple  composite 
rings  with  high  permeability  at  an  extended  distance  was  considered  probable. 

As  a  result  of  the  pressure  fall-off  tests  and  other  uncertainties  regarding  this  water  disposal 
well,  the  COGCC,  the  EPA  and  Amoco  engaged  in  an  informal  technical  meeting  to  review 
the  data.  Amoco  agreed  to  cease  injecting  into  the  Entrada,  with  actual  termination  in  January 
1999.  This  water  disposal  well  was  recompleted  into  the  Bluff  Sandstone,  above  the  Entrada. 
The  Hickerson  hot  spring  water  temperature  declined  from  132-133  degrees  Fahrenheit 
(observed  between  December  1997  and  January  1999)  to  127  degrees  Fahrenheit  by  August, 
1999;  the  flow  rate  also  decreased  to  the  lowest  level  (49  gpm)  since  monitoring  began  in 
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November  1997  {Appendix  C  Chart  18).  While  no  definitive  correlation  has  been  proven, 
the  changes  observed  at  the  Hickerson  Hot  Springs  are  concurrent  vhth  the  termination  of 
injection  at  the  Simon  Land  and  Cattle  WDW. 


IV.  FUTURE  PROJECTIONS 


Future  of  Coalbed  Methane  Development 

Current  Basin-wide  Fruitland  coalbed  spacing  allows  one  gas  well  per  320  acres.  Recent  infill 
applications  for  specific  areas  have  been  approved  by  the  COGCC,  allowing  an  optional 
second  Fruitland  coalbed  gas  well  on  each  320-acre  spacing  unit.  Infill  drilling  within  320- 
acre  spacing  units  is  currently  occurring  and  may  be  a  future  trend  Basin-wide. 

The  SUIT  recognizes  the  benefits  of  coalbed  methane  development,  including  infill  wells,  and 
generally  supports  CBM  development.  The  BLM  under  its  trust  responsibility  understands  the 
importance  of  energy  resource  development  to  the  Tribe  and  the  nation  and  has  approved 
mfill  Fruitland  wells  while  simultaneously  preparing  a  soon  to  be  released  Draft 
Environmental  Impact  Statement  (DEIS)  for  continued  oil  and  gas  development  on  the  SUIT 
Reservation.  The  preliminary  DEIS  states  that  expanded  Fruitland  CBM  development 
including  mfill  wells  and  enhanced  recovery  methods  is  the  Agency  and  Tribal  preferred 
alternative.  The  BLM,  BIA  and  Tribe  also  recognize  that  there  may  be  a  potential  link  between 
down-dip  Fruitland  production  and  the  gas  seeps  and  coal  fires  being  documented  at  the 
Fruitland  outcrop.  The  Southern  Ute  Indian  Tribal  Council  acknowledges  and  accepts 
vegetation  kills  at  the  outcrop  on  Reservation  lands  as  a  cost  of  producing  the  CBM  resource. 
The  calculated  losses  from  dead  trees  are  considered  inconsequential  in  comparison  to  the 
economic  value  of  the  CBM  resource.  Recognizing  that  resource  losses  are  a  factor  with  coal 
fires  and  outcrop  seepage,  the  Southern  Ute  Indian  Tribe  is  seeking  professional  assistance  to 
extinguish  the  coal  fires.  They  are  also  considering  a  pilot  “picket  fence”  network  of  shallow 
gas  wells  capable  of  capturing  migrating  coalgas  before  venting  occurs  at  the  outcrop.  The 
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Tribe  and  the  gas  lease  operators  continue  to  experiment  with  mitigation  measures  to 
recover  the  resource  and  minimize  environmental  impacts  to  the  Reservation  and  adjacent 
areas.  Health  and  safety  issues  attributable  to  the  seeps  are  limited  since  there  is  no 
permanent  habitation  on  the  outcrop  within  the  Reservation. 

To  date,  the  COGCC  has  approved  all  spacing  applications  for  Fruitland  infill  wells  on  Tribal, 
and  fee  mineral  acreage.  Some  limited  Fruitland  infill  drilling  and  production  has  taken  place 
north  of  the  Southern  Ute  Indian  Reservation  on  fee  mineral  ownership  lands.  Currently, 
(October  1999)  AMOCO  has  two  “Applications  for  Permit  to  Drill”  (APD’s)  pending  at  the  San 
Juan  Field  Office  to  drill  Fruitland  CBM  wells  in  spacing  units  for  which  the  COGCC  has 
approved  a  second  well.  These  are  the  first  Fruitland  infill  APD’s  to  be  received  for  locations 
on  mineral  estate.  The  San  Juan  Field  Office  anticipates  more  infill  Fruitland  applications  in 
the  near  future,  on  both  Tribal  and  mineral  acreage. 

If  oil  and  gas  operators  and  regulators  continue  to  see  sufficient  economic  merit  and  legal 
justification  to  perpetuate  the  current  trend  of  drilling  optional  infill  wells  on  existing  320  acre 
spacing  units,  1000  additional  infill  Fruitland  coalbed  methane  wells  (350  north  of  the  Ute 
Indian  Reservation)  could  yet  be  drilled  in  the  Colorado  portion  of  the  San  Juan  Basin.  With 
more  widespread  development  on  the  horizon,  the  development  of  a  monitoring/contingency 
plan  is  a  necessary  and  prudent  regulatory  agency  management  endeavor. 

Future  Modeling  and  Monitoring  of  Development  Impacts 

Monitoring  wells  drilled  on  the  Basin  fringe  between  the  outcrop  and  producing  gas  wells  in 
the  Southern  Ute  Indian  Reservation  have  documented  significant  declines  in  bottom  hole 
pressure  (up  to  80  psig)  equivalent  to  a  loss  of  hydrostatic  head  of  185  feet  (Appendix  C: 
Chart  19).  This  suggests  that  the  static  water  level  has  declined  approximately  185  feet  in  the 
lower  intermediate  coal  seam  during  the  two  years  since  the  monitoring  wells  were  drilled  in 
early  1997.  Hydrostatic  pressures  in  other  coal  seams  monitored  at  these  weUs  have  declined 
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at  slower  rates.  No  monitoring  wells  were  placed  in  non-coal  horizons  to  measure  whether 
these  adjacent  horizons  were  depleted  of  groundwater. 

As  a  decline  in  the  water  table  would  be  anticipated  to  precede  increased  methane  seepage 
at  the  Fruitland  outcrop,  the  presence  of  grormdwater  monitoring  wells  completed  in  each 
significant  coalbed  could  provide  early  detection  of  problematic  conditions.  Because  of 
different  dynamics  in  the  various  coal  seams,  the  2-5  major  producing  seams  (or  groups  of 
seams)  would  necessarily  be  isolated  in  respective  monitoring  wells  to  yield  definitive  data 
without  introducing  cross-flow  ambiguities. 

A  joint  industry/govemmental  group  organized  by  the  COGCC  was  formed  in  late  1998. 
Entitled  the  3M  Project  (named  for  the  monitoring,  mapping  and  modeling  components),  it  is 
supported  by  the  BLM,  COGCC,  Southern  Ute  Indian  Tribe,  La  Plata  County,  and  the  oil  and 
gas  industry.  A  technical  review  team  has  been  formed  from  the  3M-member  constituency. 
This  team  offers  technical  comments  and  reviews  proposals  for  studies  related  to  the 
reservoir  modeling,  hydrology  of  the  San  Juan  Basin,  stratigraphy  and  structure  of  the 
coalbeds,  and  other  technical  issues.  The  Bureau  of  Land  Management-SJFO  has  committed 
time  and  resources  to  this  effort.  The  first  goal  of  the  3M  Project  is  to  map  major  coal  seams  at 
the  Fruitland  Formation  outcrop  and  correlate  these  horizons  with  basin-ward  producing  coal 
zones  identified  in  gas  well  geophysical  logs.  Monitoring  bottom  hole  pressure  and  water 
levels  in  coal  seams  at  locations  intermediate  between  basin-ward  producing  gas  wells  and 
the  Fruitland  coal  outcrop  is  the  second  goal.  The  third  aspect  of  the  3M  Project  involves 
computer  modeling.  Reservoir  and  hydrologic  models  will  take  into  consideration  a  historical 
match  of  past  and  present  conditions  and  may  be  able  to  predict  effects  of  future  CBM 
development  on  groundwater  and  the  Fruitland  coal  outcrop. 

If  Basin-ward  coal  seams  are  verified  as  contiguous  between  producing  CBM  wells,  the 
Fruitland  outcrop  and  the  coal  seams  may  be  considered  a  “U-tube”  for  ease  of  discussion. 
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Consequently,  the  concept  of  a  dynamic  fresh  water  front  developing  within  the  Basin  can  be 
postulated  as  follows: 

Assume  that  the  San  Juan  Basin  is  non-tiibutary  to  boimdary  rivers.  Infer 
that  subterranean  coalbeds  positioned  lower  than  stream-cuts,  spring 
locations,  passes  and  gullies  were  saturated  with  old  connate  water 
indigenous  to  the  formation  in  the  pre-CBM  production  period.  The  flow 
of  connate  coalbed  water  driven  by  atmospheric  recharge  events  which 
provide  fresh  water  at  topographically  elevated  exposures  would  be 
anticipated  to  migrate  to  surface  springs  and  provide  water  to  streams 
and  rivers  intersecting  coal  outcrops/subcrops.  At  the  onset  of  CBM 
water  production,  connate  water  was  withdrawn  from  coalbeds  within  the 
Basin,  drawing  on  these  freshwater  recharge  sources  through  permeable 
zones  within  the  coal  beds.  Additionally,  if  recharge  were  not  adequate 
to  replenish  the  water  withdrawn  by  basin-ward  gas  wells  near  the 
outcrop,  it  might  be  postulated  that  reversals  of  groundwater  flow  could 
occur  with  subcrops  being  recharged  by  surface  flow  from  perennial 
rivers/streams.  At  any  rate,  a  fresh-water  front  would  gradually  progress 
basin-ward.  If  sufficient  water  were  withdrawn  from  the  shallower 
coalbed(s)  through  gas  wells  closest  to  the  outcrop,  this  concentrated 
high-volume  extraction  might  capture  a  major  portion  of  the  fresh  water 
available,  thus  pre-empting  or  slowing  the  basin-ward  migration  of  the 
fresh-water  front.  Basin-ward  wells  could  only  draw  water  available 
within  their  respective  pressure  depletion  zones  of  influence  until  the 
connate  water  surrounding  them  was  depleted,  with  predominately  free 
gas  remaining.  In  this  sense,  the  basin-fringe  wells  would  shield  the 
down-dip  wells  from  fresh  water  access.  (See  next  page  for  illustration.) 
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Water  chemistry  data  is  useful  in  understand  patterns  of  subterranean  water  flow. 

Contrasting  Basin  interior  produced-water  characterized  by  high  TDS  (total  dissolved  solids) 
indicating  a  longer  residence  time,  is  produced-water  chemistry  data  from  Fruitland  coalbed 
gas  wells  on  the  northwestern  edge  of  the  Basin  which  show  lower  concentrations  of  chlorides 
and  bicarbonates  indicating  fresher  water.  Produced  water  data  indicates  the  presence  of  a 
relatively  fresher  water  (low  TDS)  plume  along  the  western  end  of  the  Indian  Creek  area  and 
along  the  general  northern  portion  of  the  Basin  within  4-5  miles  of  the  outcrop.  The 
occurrence  of  relatively  fresher  water  in  the  coalbeds  closer  to  the  Basin  fringes  indicates  a 
connection  to  a  fresh  water  source,  presumably  the  Fruitland  outcrop.  The  respective  fresh 
water  areas,  areas  with  moderate  communication  with  the  outcrop,  and  areas  with  limited 
interaction  with  areas  of  recharge,  if  definable,  would  be  invaluable  in  the  current-time  match 
of  the  computer  modeling  effort,  enabling  the  model  to  reliably  reflect  the  nuances  of  known 
basin  hydrology. 

Age-dating,  anion/cation  and  TDS  concentrations  are  all  affected  by  r  -ing.  Old  water,  once 
mixed  with  fresh  water,  could  not  be  distinguished  from  medium-aged  water.  Neither  could 
water  with  a  high  TDS  be  recognized,  once  mixed  with  fresh  water,  etc.  Mixing  obscures  the 
individual  character  of  all  waters  mixed  because  the  results  of  testing  can  only  determine  the 
diluted  concentrations  of  any  given  parameter.  Water  assigned  a  medium  age  may  actually 
represent  a  mixture  of  very  old  water  and  very  fresh  water.  Once  these  limitations  are 
recognized,  water  analyses  can  provide  useful  information. 

Preliminary  iodine  isotope  analyses  run  on  the  Fruitland  produced  water  from  the  interior 
Basin  exhibit  isotopic  signatures  indicating  4  to  56  million  year  old  water  in  some  areas 
(Riese,  1999).  Chloride,  strontium,  or  oxygen  isotopes  may  be  used  to  determine  ages  of 
younger  water  predicted  in  fresher  water  plumes.  Iodine  and  chloride  ion  content  in 
produced  water  yield  similar  patterns,  suggesting  areas  with  high  iodine  and  chloride 
concentrations  probably  correlate  with  older  water  age  dates  (Appendix  B:  Maps  and  Cross 


59 


t^tsw  jwn:  ium^v»i;uUi  m  iilidr'  ^  jtols ifxyirfm vto 


[.  iiilcij  i>»vtcr;:;ail3  Uioj;  i:crr/i|»iri  i- v>3N»tn!  < 

bf  i' :  'D  jfc  .rr-iil  i*i  jb  4.«Jk!W*i'>«r''Wbc»'^cr  r  ^riij  ir  -risjb'^ani  s  i>*? ‘3*: rohtd 

a-»o*Jtc«^iD  y©  »jTotusnno'y}>*)a  aa<wjl  'i^uf  »..  Jo  -)  tttm  ’itTston  »:ii;  m;  **  iff  '^wis^ 

g  ooiMi:4j'''q  fvrti  catvni+jcii  '/<  »v  be ''tihar.-^  .t*».i  y.33K'jt*o<ii  fcfffiUi.  z^f^fribc# 

^.,n: 

■’5E  *:-■’ ' 

'•'»'»  f  U99t0  r»ii  'b/tJ  t»>J:'Vo  bR->  /y: .  -«ar«.v  »nL,iq  v,4)  T«)tf4fc  ;»i8  , ie-vkKiot 

f*Kh  5  ^4-^' 

«l  ,,  g'T  qctoi;*©  Will yc  *r>*rm  ?■  * «:  •  M  ^  ?  oq  »*^r»|fryoH.t'  -••‘mj.-  iwf  ^r«liS 

> 

g  YdUQiJboi  0?  icfowiilf  3  bigFi  i  r  «>;it7:niOO<3 

•r 

i.rff  qoit4f#o  -jg*  ril  ^^u.r  >  c*f  >aaA0c 

i‘hriv  gfecxt  'unjA  a.*u  fij,*v  zcm :  ^Yiiro*^  '9?*^  tgv'-js  ,f f  y-  iBe-'s..*'’ 

rtoJufrj  fffr5T-iii!?'uu3  *>rtr  ru  •idcoU'^TO  «  I  i  .sre-v  ,f»icU*fl^lt'bb  ISgr.ai'f  ’iv:  noi  Oi.asf'rti 


II 


,  .  if7»c«jgtc-  e©3fugajj  Jib  ?3a».  oT  vi'^glUt'o-  s.ifcom  gifi  ««■  ,r!f*>-D  i*4.-^’>.t-  ff.-t#  ■* 

!  “'i.- 

t'  '  'Wm  t  ,  V.. gJji tin'll  ;u15IK4 

.  j  ^  »  *’-- 

'' 

.j&iiwbiO  iiXT  ftat  rIO.Uif^^^>>■•  ^niJ  5  -  ir.-;'-»»5^ 

''•>( 

t ,  biiiWJ  laHJiiU  bt-pg-ra^hiim  ^vd^iifpi  t?:b  ©t^  ^dh  tsu  v.'  lu.  a  wiiisiffT 

.  >  ■  ,».■ 

,1 

iwlr  wsiragdo  ,7Ms^m  il'i;  ■?.  bawr-i  ir-^uo  .b/iiur'T  aog-t  ot-  •R'Ti  f.  ri,^,  A'  w?*-?/ 

^  a;.'!  olUi'A^ftJffb  vino  .go  i'.iU??»ot ).o  «?!;  '^igi  grt*  tgu.^aigct  ^  '>:-:iin  z'lms- iia  Vj  -juiii 

*  * 

\lLAaog  yjs.i's  ii^/'--  ou7iI;.©ni  s  bfeirg.  i4i»  »igW  yr*^;  t‘  lil,  i!j:  tiia^Dt 

«u.  juioijgiyii^f  ditiifl:  g  ,iC  m'sn  yiepv  i.rt!  ■'itfi.w  -^ic^  'oav\t>  £.u  g 

XttT*  ii'Vact.,  ipio4«r  *>132^101,  q  ran  ^fcsr'" 


*  ^ « 
V 


tcn^Jxil  «»ll  rr;o^  i-^’*vb«'idrov4^i3affliiir/2  cwiJ  -to  rdtii  g©arrlp:  ^tgflurrtitg’^l 

tgfti  ji  ©i.f  Vy  rw'36eiK  -f  t>?0  'A*  »f  3?  35  iQrtbvo  11  gr  f  'XciL.jae*  ibig- 

lo  c»iurtr»t*^  o? fc!9fu.  ©a  y&.Tri>*?oJ  igy  o?  \>v5cu  jc.  ^m4incni*  3  (9€'  ei4*i*ri 

f  •  *’  ' 

:ni  iivwJaoc  ftc.  ijixtioji.'fe*  hni  jsffinuiq  it  lotditfc**:^  ikjs;^  ^ 

'*  ! 

s»bhcQlri5  bits  gnlJbvu  ip'A  tw  ©ts  .tTv^figa  iid4<*.c  f^z 

itt’J  Lcj^  yffiti-V?  :axiA>iT»'/q[7  ^  a»?tb  -^g  i/iiw  ^iimvpyz  yic^qo^  r-n.  OgiLK!»:ja?^ 


i  ■"  t  :, 


Sections  14).  Low  chloride  values  probably  correlate  with  progressively  younger  water 


(Riese,  1999).  Similar  water  quality  analyses  for  total  dissolved  solids  and  cation-anion 
concentrations  of  produced  water  in  the  western  portion  of  the  Basin  also  suggest  freshwater 
plumes,  and  freshening  of  produced  water  over  time  progressing  basin-ward.  The  older 
dates,  in  particular,  may  suggest  areas  not  in  effective  dynamic  communication  with  the 
outcrop,  or  may  only  be  a  demonstration  of  a  slower  progression  of  the  fresh-water-front 
basin-ward.  Water  age  maps  may  not  necessarily  represent  static  and  impermeable 
boundaries,  or  barriers  to  flow,  but  merely  ctirrent  conditions.  Neither  do  water  age 
variances  necessarily  signify  that  the  coalbeds  of  the  Fruitland  Formation  are  not  laterally 
continuous.  Dynamic  relationships  may  become  evident  only  after  further  coalbed  methane 
and  formation  water  production.  Gas  wells  drilled/producing  from  areas  of  younger  water 
might  be  construed  as  currently  more  likely  to  affect  the  outcrop  than  gas  wells  in  areas 
depicted  by  older  water.  Yet,  if  age  dating  in  actuality  only  produces  the  position  of  an  ever- 
advancing  front  of  fresh  water  basin-ward,  this  may  be  an  illusion.  Water  age  monitoring 
over  time  would  provide  a  useful  parameter  enabling  the  computer  model  to  forecast  effects 
of  continued  or  mcreased  CBM  production  and  project  correlated  effects. 

Knowledge  gained  through  analyses  of  produced  water  obtained  from  gas  wells  is  most  useful 
if  the  water-bearing  source  strata  in  the  gas  well(s)can  be  definitively  associated  with  specific 
coal  beds  expressed  at  the  surface.  The  Southern  Ute  Indian  Tribe  and  the  Colorado 
Geological  Survey  have  already  mapped  the  surface  expressions  of  the  Fruitland  coalbeds 
within  the  Southern  Ute  Indian  Reservation  and  have  drawn  preliminary  correlations  between 
the  coals  expressed  at  the  outcrop  and  coalbeds  penetrated  by  nearby  CBM  wells.  The 
Colorado  Geologiced  Survey  has  recently  completed  mapping  the  Fruitland  coal  outcrops 
north  of  the  Southern  Ute  Indian  Reservation  with  the  intention  of  correlating  surface  and  sub¬ 
surface  coal  beds.  The  Colorado  Oil  and  Gas  Conservation  Commission  in  cooperation  with 
the  Southern  Ute  Indian  Tribe  and  the  BLM  has  requested  Fruitland  CBM  operators  to 
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voluntaxily  submit  gas  well  bottom  hole  pressure  data,  again  to  supply  much  needed 
information  to  the  modeler. 

The  monitoring  goal  of  the  3M  Project  includes  the  establishment  of  eight  water  monitoring 
well  clusters  proposed  north  of  the  Southern  Ute  Indian  Reservation.  Four  additional  clusters  - 
apart  from  the  3M  Project  -  are  being  considered  by  the  Southern  Ute  Indian  Tribe  for 
installation  within  the  exterior  boundaries  of  the  Southern  Ute  Indian  Reservation  (See 
Appendix  B:  Maps  and  Cross-Sections  15.)  Each  cluster  would  contain  2-4  water¬ 
monitoring  wells,  each  well  assessing  one  exclusive  coal  zone  comprised  of  one  to  a  few 
closely  related  coal  seams.  These  wells  would  be  monitored  for  temperature  and  water 
level/bottom  hole  pressure.  Temperature  may  be  an  indirect  indicator  of  fresh  water  influx 
(decrease  in  temperature)  or  water  withdrawal  (the  heat  of  wetting).  Water  level/bottom  hole 
pressures  will  help  evaluate  the  drawdown  effects  on  the  piezometric  surface  by  production 
of  water  from  basin-ward  coal  wells. 

The  modeling  goal  of  the  3M  Project  will  evaluate  the  hydrologic  and  gas  reservoir  potential 
of  the  Fruitland  coalbeds.  Pressure  data  gathered  from  producing  gas  wells  and  monitoring 
wells  will  be  used  in  a  modified  reservoir  to  determine  past  and  future  effects  on  the  outcrop 
and  feasibility,  both  economic  and  environmental,  on  continued  development  including  infill 
drilling  within  the  Ignacio-Bianco  Field.  The  hydrologic  portion  will  use  the  US  Geological 
Survey  “MODFLOW”  program  to  calculate  recharge  along  the  outcrop,  discharge  out  of  the 
Basin  from  production  activities  and  other  influences  that  would  affect  water  quality  and 
quantity  in  the  San  Juan  Basin. 

In  addition  to  water  monitoring  wells,  other  monitoring  tools  include  thermail  infrared  and 
near  infrared  aerial  photography  of  the  entire  Colorado  portion  of  the  San  Juan  Basin  Fnutland 
outcrop  along  the  Basin  rim.  These  aerial  photos  document  current  conditions,  changes  from 
prior  photos,  and  may  identify  zones  of  aberrant  heat  patterns.  As  a  predictive  tool,  thermal 
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infirared  photos  may  be  used  to  distinguish  areas  of  potential  spontaneous  combustion  in  the 
near-surface  coalbeds.  Additionally,  temperature  data  loggers  installed  in  the  Fruitland 
coalbeds  may  provide  early  warning  of  coalbed  heating.  Ongoing  monitoring  of  soil  vapor, 
groimdwater  and  produced  water  quality  will  augment  the  monitoring  effort. 

Mitigation  Questions 

The  soil  gas  monitoring  records  are  important  in  understanding  trends  and  may  assist  in 
predicting  the  likelihood  of  increased  methane  contamination  or  conversely,  enable  the 
monitoring  of  diminishing  outcrop  gas  losses  as  the  result  of  natural  phenomenon  or 
remediation/mitigation  efforts,  as  well  as  documenting  soil  gas  compositional  changes.  While 
continued  monitoring  is  important,  it  is  also  important  that  capture  of  methane  gas  seepage 
and  mitigation  of  existing  and  future  gas  seeps  be  explored.  It  is  estimated  (Cox,  1998  from 
preliminary  reservoir  modeling  that  in  areas  where  there  are  not  near-outcrop  permeability 
barriers,  a  minimum  of  1  to  14  billion  cubic  feet  (BCF)  of  gas  per  mile  (volumes  depend  on 
permeability  and  other  factors)  will  be  vented  from  the  outcrop  during  the  next  200  years 
(Appendix  C:  Chcurt  20).  This  is  a  significant  amount  of  resource  potentially  lost  to  the 
atmosphere.  Since  methane  is  considered  a  greenhouse  gas,  these  emissions  could  also 
become  an  environmental  issue.  Mitigation  measures  should  be  investigated  using 
knowledge  gained  from  future  modeling. 

At  this  time,  both  policy  and  technical  issues  remain.  Technical  questions  that  need  to  be 
answered  involve  the  nature  and  severity  of  potential  impacts  at  the  Basin  rim  outcrops  of  the 
Fruitland  coal  and  potential  ways  to  mitigate  impacts.  Why  are  the  existing  fires  and  gas 
seeps  located  where  they  are?  How  do  they  change  over  time  and  at  what  rate?  What  is  the 
likelihood  of  additional  seeps  and  fires  and  where  are  they  most  likely  to  occur?  What 
additional  or  ancillary  impacts,  such  as  toxic  gas  emissions,  slumping  of  overburden,  forest 
fires,  and  loss  of  potentially  economic  resources  need  to  be  considered?  Policy  issues  center 
on  the  multiple  jurisdictions  covering  coalbed  methane  production  versus  land  use  at  the 
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outcrop.  Who  should  study  the  technical  issues  listed  above  and  how  should  the  studies  be 
funded?  How  should  the  results  gained  through  these  studies  be  incorporated  into  coalbed 
methane  production  management  and  ultimately  incorporated  into  mitigation  plans? 

Parameters  that  may  exacerbate  impacts  include  the  de-watering  process  with  possible 
associated  heating  within  the  coals  due  to  water  table  fluctuation.  Increased  gas  seepage 
might  be  enabled  by  a  lowering  of  the  hydrostatic  pressure  on  near-surface  coals,  thus 
lessening  the  effectiveness  of  a  groundwater  seal.  Increased  heating  of  the  coals  could  lead 
to  spontaneous  combustion  of  the  coal  with  associated  toxic  gas  emissions  (carbon  monoxide, 
sulfur  dioxide),  slumping  of  overlying  soils  into  bumed-out  voids,  and  loss  of  the  minable 
near-surface  coal  resource.  An  increase  in  gas  seep  activity  could  be  manifested  by  more 
vegetation  loss,  a  proliferation  of  undesirable  accumulation  of  combustible  gas  beneath 
dwellings  constructed  on  the  outcrop,  and  near-surface  groundwater  entrainment  of  methane. 
Coalbed  de-watering  has  in  specific  instances  been  imphcated  as  affecting  the  small  number 
of  domestic  water  wells  located  along  the  Fruitland  outcrop  and  drilled  directly  into  the  coal 
seams. 

To  answer  the  above  questions,  more  knowledge  is  needed  concerning  the  hypothesized 
relationship  between  coalbed  methane  production  and  the  outcrop.  To  what  extent  are  seeps 
and  coal  fires  naturally  occurring  phenomenon  and  to  what  extent  and  at  what  locations  might 
these  conditions  be  exacerbated  by  gas  and  water  production  in  the  basin.  As  correlations 
between  down-dip  production  and  the  outcrop  are  established,  then  from  what  distance  does 
a  gas  well  affect  the  outcrop?  Could  that  distance  be  variable,  depending  upon  existing 
variations  in  geology  or  changing  hydrologic  conditions?  Which  faults  or  other  geologic 
features  act  either  as  conduits  for  migration  or  as  barriers  to  water  and  gas  flow  near  the 
outcrop?  Will  continued  coalbed  dewatering  have  an  impact  on  domestic  water  wells?  Or 
have  gas  well  construction  and  operation  stipulations  or  remediation  programs  adequately 
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addressed  that  issue?  What  types  of  mitigation  are  possible  for  each  potential  impact  and 
how  can  they  be  tested  for  safety  and  effectiveness? 

Mitigation  To  Date 

In  1995,  action  was  taken  by  the  Bureau  of  Land  Management  with  the  support  of  the  Southern 
Ute  Indian  Tribe  to  order  the  shut-in  of  five  shallow  (377’-753’)  producing  gas  wells  in 
Valencia  Canyon  on  the  western  flank  of  the  Colorado  portion  of  the  Basin.  These  five 
Fruitland  coal  wells  were  converted  to  pressure  monitoring  wells  by  May  31,  1995,  and 
function  in  that  manner  to  date.  (See  Appendix  C:  Chart  21.) 

In  the  Valencia  Canyon  Area  during  1995-1996,  previously  thriving  pinon  and  juniper  trees 
oriented  in  a  half-mile  long  by  50-foot  wide  swath  and  rooted  in  the  coalbeds  had  met  their 
demise.  Subsequent  monitoring  results  indicated  extremely  high  methane  concentration  in 
the  soils  and  a  commensurate  lack  of  oxygen  required  for  root  health.  While  no  baseline  data 
was  available  for  soil  gas  in  this  area,  it  was  deduced  that  the  soil  oxygen  content  necessary  to 
support  healthy  trees  had  been  recently  compromised.  An  increase  in  methane  micro¬ 
seepage  had  apparently  been  instrumental  in  the  mortality  of  the  trees  over  the  preceding 
year  as  methane  gas  concentration  in  the  soils  overlying  coal  beds  increased,  displacing 
oxygen  from  the  near-surface  soils. 

In  the  spring  of  1997,  a  mitigation  effort  was  inaugurated  on  the  Southern  Ute  Indian 
Reservation  by  gas  operators  having  nearby  leaseholds  and  production  (Enervest  San  Juan 
Operating,  LLC,  Cedar  Ridge,  LLC,  and  Hailwood  Petroleum,  Inc.).  From  two  well  pads 
located  on  the  coal  outcrop  and  separated  by  Vi  mile,  four  boreholes  were  spudded  in  the 
basal  coal  seams  (Figure  10).  Directional  drilling  allowed  the  boreholes  to  follow  the 
respective  coal  seams  down-dip.  Oriented  in  a  “w”  pattern,  the  boreholes  were  drilled 
toward  one  another  at  depth.  Shallow  surface  casing  was  set,  with  the  remainder  of  the  500- 
1000  foot  length  being  left  open-hole.  The  intent  was  to  capture  methane  in  the  subsurface 
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prior  to  its  migration  to  the  surface.  The  collected  gas  was  to  be  gathered  for  production  or 
flared,  depending  on  the  economics. 


Figure  Wz  Slaet  Wells  Et  Veiesck  Gap 


The  southern  pair  of  slant  wells  was  drilled  on  a  well  pad  adjacent  to  a  son  gas  conecior 
approzimatelY  85  feet  long  by  lO  feei  wide  thai  bao.  previously  oeen  erecteci.  over  a  segm«i 

of  the  basal  coalbeds.  This  collector  documented  changes  in  flow  at  the  outcrop  showing 
steady  declines  from  approximately  25  MCFD  when  the  slant  wells  were  drilled,  to 
approximately  12  MCFD  two  years  later  (Appendix  C:  Chart  22).  While  this  mitigation 


attempt  appears  productive,  the  expenses  incurred  are  considered  too  great  to  propose  this 
remedial  action  on  a  larger  scale.  Clearly,  other  options  must  be  investigated. 


Ponding  Mitigation  Efforts 

During  1999,  at  least  one  operator  on  the  Southern  Ute  Indian  Reservation  is  exploring  the 
feasibility  of  drilling  a  close-spaced  network  of  vertical  shallow  mitigation  wells  intended  to 
intercept  outcrop-bound  gas.  Five  gas  recovery  wells  are  being  considered  in  the  pilot 
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project.  Drilling  locations  would  be  approximately  1,000  feet  apart  at  different  depths  in  the 
basal  Fruitland  coalbed.  A  nearby  low-pressure  production  pipeline  would  collect  the  gas. 
Compression  would  be  applied  to  compensate  for  the  extremely  low  anticipated  production 
pressures.  Reservoir  conditions  and  computer  modeling  of  the  coal  in  the  area  have  shown 
that  developing  a  series  of  gas  wells  between  the  outcrop  and  basin-ward  production  gas 
wells  should  significantly  reduce  both  the  concentration  and  flow  of  methane  gas  at  the 
outcrop.  It  is  anticipated  that  these  “picket  fence”  wells  may  recover  more  than  1  BCF  of 
methane  gas,  per  mfie  of  outcrop  -  gas  that  would  otherwise  be  lost  to  the  atmosphere  (Cox, 
1999).  Based  upon  the  outcome  of  these  test  “picket  fence”  wells,  projections  mdicate  that 
numerous  recovery  gas  wells  might  be  drilled  (based  on  15  acre  spacing)  to  adequately 
alleviate  gas-seepage  at  the  outcrop.  Clearly  this  recovery  approach  would  be  bemgn  to  the 
environment  and  advantageous  to  production  of  the  natural  resource.  Unfortunately,  the 
preliminary  studies  do  not  indicate  that  the  process  would  be  driven  by  econonuc 
advantages.  Also,  closely  spaced  mitigation  wells  would  only  be  feasible  on  the  Southern  Ute 
Indian  Reservation,  since  this  method  would  not  be  desirable  in  close  proximity  to  residential 
developments  on  suburban  lands  along  the  northern  Basin  rim. 

Other  remedial  action  proposals  may  be  formulated  with  the  knowledge  gamed  from  results 
of  the  3M  project.  However,  no  mitigation  method  currently  identified  is  universaUy  effective. 
All  efforts  considered  to  date  are  relatively  expensive.  Each  carries  implications  of 
unresolved  surface  issues. 


V.  SUMJVUiRY AND  CONCLUSIONS 

The  San  Juan  Basin  of  southwestern  Colorado  has  a  long  history  of  methane  gas  production. 
Several  formations  have  been  extensively  developed  for  this  resource.  Smce  the  1980  s,  the 
Fruitland  Formation’s  coalbed  methane  resource  has  been  the  main  development  target. 
These  coalbeds  are  continuing  to  be  developed  with  possible  associated  side  effects 
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manifested.  Methane  gas  seeps,  groundwater  contamination,  and  coalbed  fires  have  been 
discovered.  These  conditions  may  be  exacerbated  by  continued  production  of  water  from  the 
Fruitland  coalbeds.  Gas  weU  water  production  could  conceivably  influence  the  potential  for 
spontaneous  combustion  of  near-surface  coals  due  to  the  quantity  of  water  withdrawn  through 
pumping  as  compared  to  water  level  fluctuations  attributable  to  normal  seasonal  variations  as 
a  product  of  precipitation  and  normal  recharge  alone.  Fruitland  water  extraction  could  also 
play  a  part  in  drawing  ambient  air  into  the  coalbeds,  providing  oxygen  necessary  for 
combustion  and  facilitating  a  resurgence  of  dormant  (smoldering)  coal  fires. 

Increases  in  methane  content  of  soils  overlying  Fruitland  coalbeds,  lowering  of  water  tables  in 
domestic  and  water  monitoring  wells  drilled  into  the  basin  rim  coals,  fires  in  Fruitland 
coalbeds,  alignment  of  recently  killed  vegetation  with  underlying  coal  outcrops  harboring 
high  methane  concentrations/depleted  oxygen,  and  an  apparent  intensification  of  naturally 
occurring  methane/hydrogen  sulfide  seeps  have  all  been  noticed  since  the  early  1990  s. 

These  occ  have  been  documented  in  a  series  of  research  reports  and  studies 

commissi  a  conducted  by  regulatory  agencies,  the  oil  and  gas  industry  and  local 

government  agencies.  This  time-span  is  concurrent  with  coalgas  production  from  the 
Fruitland  coalbeds  in  the  San  Juan  Basin.  In  a  recent  report  on  environmental  monitoring  at  the 
northern  rim  of  the  San  Juan  Basin  (Oldaker,  1999),  a  correlation  between  bottom  hole 
pressure  decreases  at  Basin  rim  shut-in  gas  wells  and  water  monitoring  wells  with  down-dip 
water  production  from  Fruitland  coalgas  wells  was  termed  probable. 

The  COGCC  3M  Project,  which  includes  strategies  to  map,  monitor  and  model  signihcant 
environmental  and  reservoir  effects  of  Fruitland  coalbed  development  was  launched  m  1999, 
as  a  continuation  of  the  efforts  already  inaugurated  by  the  Southern  Ute  Indian  Tribe  and  the 
Bureau  of  Land  Management.  The  Colorado  Oil  and  Gas  Conservation  Commission,  the 
Southern  Ute  Indian  Tribe,  and  the  Bureau  of  Land  Management’s  San  Juan  Field  Office 
support  this  3M  Project.  This  effort  to  imderstand  Basin  dynamics  related  to  CBM 
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development  is  critical  due  to  anticipated  future  CBM  development.  Human  health  and 
safety  issues,  vegetation  losses,  environmental  degradation,  and  oxidation  of  coal  reserves 
loom  as  potential  associated  consequences  of  intensified  gas  development. 

New  techmques  to  mitigate  coalbed  dewatering  effects  along  the  Basin  rim  where  the 
Fruitland  coalbeds  are  exposed  may  be  initiated  during  1999.  Based  upon  the  results  of  these 
and  other  preliminary  pilot  projects,  the  most  effective  mitigation  techmques  can  be 
determined  for  future  implementation  as  necessary. 

Recent  indications  of  environmental  degradation  at  an  increasing  number  of  sites  both  on  and 
off  the  Southern  Ute  Indian  Reservation  lead  to  the  concern  that  these  conditions  may 
proliferate.  The  nature  and  severity  of  potential  impacts  of  continued  Fruitland  coalgas 
oroduction  and  additional  gas  wells  drilled  close  to  the  San  Juan  Basin  rim  need  to  be  more 
fully  tmderstood.  Computer  model  projections  and  the  results  of  proposed  pilot  mitigation 
efforts  should  enable  well-founded  regulatory  responses  to  predictable  events.  Until 
projected  effects  are  better  understood,  further  approvals  of  infill  drilling  development  in  the 
Ignacio-Bianco  Field,  (particularly  those  in  proximity  to  the  outcrop)  must  be  seriously 
scrutinized. 
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Bureau  of  Land  Management 


(Heine,  1999) 


73 


\ . 


1 

,  ^ 


/V 


I'. 


"V« 


'.i-w  ■*  .  :•?  .?.«i  i  ♦iti  MJ'a-3r ' 


I  :  i\ 


.  A 


■V 


% 

N 


Soil  Vapor  Measurements  in  the  Northern  San  Juan  Basin; 

A  Preliminarv'  Statistical  Analysis 


George  W  Heine 
Mathematical  Analyst 
Bureau  of  Land  Management 

Scope 

Beginning  in  1995,  the  San  Juan  Field  Office  (SJFO)  of  the  Bureau  of  Land  Management  has  been 
collectmg  soil  vapor  data,  at  sites  near  the  outcrop  of  the  Fruitland  Formation.  At  present,  monitoring 
continues  at  approximately  184  sites  on  the  Southern  Ute  Reservation  and  on  161  sites  on  private  and 
public  land  outside  the  reservation. 

In  this  preliminary  report,  we  have  applied  three  statistical  tests  for  trend  to  the  measurements  of  the 
following  variables  at  each  site: 

•  Methane  as  a  percentage  of  Lower  Explosive  Limit  (CH4_LEL); 

•  Hydrogen  sulfide  (H2S) ,  in  parts  per  million  (ppm): 

•  0xygen(02) ,  as  percentage  by  volume; 

•  Gas  flow,  in  mJ/min  through  1/4"  diameter  soil  vapor  tube  and  ISgauge  needle. 

We  report  on  those  sites  at  which  there  appear  to  be  either  significant  mcreases  or  significant  decreases  m 
the  penods  before  and  after  July  1,  1998. 

Summary 

In  all  variables,  but  especially  in  CH4_LEL  and  O2,  the  number  of  Southern  Ute  Reservation  sites  showing 
significant  trends  was  far  more  than  could  be  explained  by  chance  variations  (assuming  the  readings  at  each 
site  were  statistically  independent).  Of  the  sites  showing  significant  trends  in  CH4_LEL,  the  number  of 
upward  trending  sites  dominated  the  number  of  downward  trending  sites  in  a  much  larger  proportion  than 
could  be  explained  by  chance  (assuming  independence  at  all  sites  with  trend).  The  number  of  sites 
showing  downward  trends  in  O2  significantly  oumumbered  those  showing  upward  trends.  (It  is  expected 
that  Ot  will  decrease  as  other  gases  increase.)  The  number  of  sites  showing  upward  trends  in  HtS 
dominated  those  showing  downward  trends,  but  the  proportion  was  less  dramatic.  Although  significantly 
many  of  the  reservation  sites  showed  trends  in  flow,  no  clear  pattern  emerged  between  upward  trending  and 
downward  trending  flows. 

At  off-reservation  sites,  only  O2  measurements  showed  more  significant  trends  than  could  be  explained  by 
chance.  At  the  sites  with  significant  trends  in  O2,  increases  significantly  dominated  decreases.  This  is  the 
opposite  of  the  pattern  on  the  reservation  sites;  however,  the  off-reservation  increases  in  oxygen  seem  to  be 
relatively  small  in  magnitude.  Monitoring  at  these  sites  has  been  going  on  for  a  much  shorter  period,  and 
it  is  not  unreasonable  to  expect  that  the  lack  of  other  significant  trends  is  merely  an  artifact  of  insufficient 
data. 

Methodolocyv 


We  started  by  plotting  the  measurements  over  time  at  several  sites.  It  was  visually  apparent  that  some  sites 
showed  dramatic  increases  and  others,  dramatic  decreases.  To  capture  this  phenomenon,  we  used  three 
statistical  tests: 

1 .  T-test  comparing  mean  measurement  values  before  and  after  a  fixed  cutoff  date; 

2.  Mann-Kendall  nonparametric  test  for  trend; 

3.  Sen’s  nonparametric  estimate  of  slope. 
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1)  T-test 


At  each  site,  for  each  variable,  we  computed  the  mean  value  before  and  after  a  fixed  cutoff  date  and  applied 
a  (two-sided)  T  test  for  equahty  of  means  from  populations  of  different  variances.  The  cutoff  date  was  the 
same  for  all  sites. 

The  choice  of  cutoff  date  was,  of  course,  important.  We  tned  to  choose  a  date  that  would  minimize  the 
effect  of  known  seasonal  variations.  Soil  vapor  measurements  are  affected  by  both  temperature  and  soil 
moisture,  and  thus  fluctuate  by  seasons.  We  elected  to  compare  changes  before  and  after  July  1,  1998  one 
year  before  the  latest  data  available  for  this  preliminary  report.  The  hope  is  that  by  including  at  least  one 
year  of  data  in  each  population,  the  effect  of  seasonal  variations  would  be  minimized  as  much  as  possible. 
Some  trial  calculations  convinced  us  that,  m  fact,  the  results  descnbed  below  are  relatively  insensitive  to 
the  choice  of  cutoff  date. 


At  each  site  with  at  least  two  measurements  before  and  two  measurements  after  the  cutoff  date,  we 
computed  separately  the  number,  the  mean,  and  the  variance  of  measurements  before  and  after  the  cutoff 
date.  Considering  the  measurements  before  and  after  the  cutoff  date  as  separate  populations  with  unequal 
variance,  we  computed,  using  a  two-sided  T  test,  the  probability  of  equal  means. 

Before  applying  the  T  test,  adjustments  were  made  to  the  data  to  compensate  for  a  change  in  measurmg 
instrument.  For  reasons  explained  below,  it  also  seemed  advisable  to  try  applying  the  T  test  to  the 
logarithm  of  one  variable;  however,  this  adjustment  did  not  significantly  affect  the  results. 

2)  Sen ’s  nonparaznetric  estimator 

At  each  site,  for  each  variable,  we  listed  all  the  pairs  of  dates  for  which  a  measurement  was  available.  For 
every  pair  of  dates,  we  computed  the  slope  in  units  per  day  as 

reading!  -  readin^l  . 

dated  -  datel 

Sen’s  estimator  is  the  median  of  all  such  slopes.  We  computed  approximate  two-sided  95%  and  99% 
confidence  intervals,  using  a  variant  of  the  procedure  given  in  [Gilbert,  1987].  The  procedure  assumes 
approximate  normality.  We  tried  to  ensure  this  by  only  computing  the  Sen  s  estimator  for  sites  where  ten 
or  more  observations  were  available.  Our  variant  of  Gilbert’s  procedure  was  to  assume  that  all  tied  groups 
had  size  exactly  two.  The  net  effect  of  this  assumption  is  conservative;  some  of  the  confidence  intervals 
may  be  wider  than  necessary.  On  the  other  hand,  the  assumption  is  probably  reasonable,  since  the 
precision  of  the  instmment  is  high  enough  that  three  or  more  exactly  identical  readings  at  different  tunes 
are  unlikely. 


Sen  gives  a  numerical  estimate  of  the  amount  of  increase  or  decrease  in  units  per  day  at  a  site.  We 
recorded,  but  did  not  use  this  feature  in  the  current  study.  We  merely  report  the  number  of  sites  where  the 
99%  and  95%  Sen  confidence  intervals  do  not  contam  zero  (i.e.,  the  sites  where  there  is  a  high  probability 
of  a  trend). 


3J  Mann-Kendall  test  for  trend 


The  Mann-Kendall  statistic  is  similar  to  Sen’s  estimator.  At  each  site,  for  each  pair  of  dates,  compute  the 
slope  as  above,  but  only  consider  the  sign  of  the  slope; 


^1 

Sign  of  slope  =  0 

-1 


if  reading!  >  reading  1 ; 

if  reading!  =  reading  1 ; 

if  reading!  <  reading  1 . 


The  Mann-Kendall  statistic  is  the  sum  of  all  signs  of  slopes.  Using  a  procedure  in  [Gilbert,  1987],  we 
computed  standardized  scores  and  two-tailed  confidence  intervals  for  the  Mann-Kendall  number  at  each 
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site.  These  standardized  scores  can  be  used  to  compute  a  chi-square  test  for  homogeneity  of  trend  across 
multiple  sites;  the  latter  test  was  actually  of  little  use  m  this  case  since  little  spatial  homogeneity  was 
apparent.  Computation  of  standardized  scores  assumes  approximate  normality,  which,  as  in  the  Sen 
estimate,  we  attempted  to  ensure  by  only  considering  sites  with  ten  or  more  measurements. 

Results — Reservation  Sites 


Methane 

There  were  133  sites  on  the  Southern  Ute  Reservation  with  enough  data  to  permit  analysis  by  the  T-Test. 

At  every  significance  level,  there  were  many  more  sites  showing  change  (both  upward  and  downward 
trends)  in  measured  CH4  than  could  be  explained  by  chance.  For  example,  at  the  95%  level,  92  of  the 

sites  showed  a  significant  trend.  The  probability  of  this  happening  by  chance,  assuming  that  CH4  levels  at 

-20 

the  sites  were  independent  and  fluctuating  randomly,  is  microscopically  small — less  than  10 

At  every  significance  level,  sites  showing  an  increase  oumumbered  sites  showing  a  decrease  by  a  wide 
margin.  At  the  95%  significance  level,  there  were  61  sites  with  increasing  CH4  and  31  sites  with 
decreasing  CH4.  The  probability  of  this  happening  by  chance,  if  we  expected  half  the  sites  to  be  increasing 
and  half  to  be  decreasing,  would  be  about  0.001. 

The  tests  usmz  Sen’s  estimator  and  the  Mann-Kendall  statistic  confirmed  the  results  of  the  T-test,  with 
even  greater  disparity  between  the  numbers  of  uicreasmg  and  decreasing  sites. 

Despite  the  predominance  of  upward-trending  sites,  the  number  of  downward-trending  sites  on  the 
reservation  is  also  significant,  and  far  more  than  can  be  explained  by  chance  alone.  Any  explanation  of  soil 
vapor  trends  at  these  sites  must  account  for  the  surpnsingly  large  numbers  of  both  upward  and  downward 
trending  sites.  Computing  the  chi-squared  test  for  homogeneity  of  the  Mann-Kendall  statistics  shows  that 
the  probability  of  a  uniform  trend  across  all  sites  is  very  nearly  zero. 

For  reasons  discussed  in  the  next  section,  the  T-test  was  repeated  using  the  logarithm  of  the  observed  CH4 
levels  in  place  of  the  observed  CELj ,  at  both  reservation  and  non-reservation  sites.  Results  were  almost 
identical.  Results  for  CH4  levels  and  their  logarithms,  at  reservation  sites,  are  summarized  m  Tables  1-3. 
The  logarithmic  transformation  was  not  necessary  for  the  Mann-Kendall  and  Sen  tests,  since  these 
effectively  consider  only  the  direction  and  not  the  magnitude  of  changes. 


Table  1.  Summary  of  T-Test  results,  CH4_LEL  for  133  sites  on  the  Southern  Ute  Reservation. 


Significance 

Level 

u 

Number  of 
Sites  with 
Upward 
Trend 

D 

Number  of 
Sites  with 
Downward 
Trend 

U+D 

Number 
of  Sites 
with  Any 
Trend 

Expected 
Number  of 
Sites  with 
Any  Trend 

Probability  of 

U  out  of  U+D 
Sites 

Increasing 
(see  Note  1 ) 

Probability  of 
U+D  Sites 
with  Any 
Trend 

(see  Note  2) 

99.9% 

32 

5 

37 

0 

3.71  E-06 

9.92E-79 

99.0% 

54 

14 

68 

1 

5.55E-07 

3.82E-98 

95.0% 

61 

31 

92 

7 

1.16E-03 

9.02E-87 

76 


\ 


Table  2.  Summary  of  T-Test  results,  log(CH4_LEL)  for  133  sites  on  the  Southern  Ute  Reservation. 


Significance 

Level 

u 

Number  of 
Sites  with 
Upward 
Trend 

D 

Number  of 
Sites  with 
Downward 
Trend 

U+D 

Number 
of  Sites 
with  Any 
Trend 

Expected 
Number  of 
Sites  with 
Any  Trend 

Probability  of 

U  out  of  U+D 
Sites 

Increasing 
(see  Note  1 ) 

Probability  of 
U+D  Sites 
with  Any 

Trend 

(see  Note  2) 

99.9% 

31 

6 

37 

0 

2.06E-05 

9.92E-79 

99.0% 

56 

7 

63 

1 

6.82E-11 

3.13E-88 

95.0% 

63 

10 

73 

7 

7.77E-11 

2.04E-58 

Table  3.  Sen  and  Mann-Kendall  statistics.  CH4  LEL  for  183  sites  on  the  Southern  Ute  Reservation. 


Significance 

Level 

Sites  with  Positive 
Sen  estimator 

Sites  with 

Negative 

Sen  estimator 

Sites  with 

Positive 

Mann- 

Kendall 

statistic 

Sites  with  Negative 

Mann-Kendall 

statistic 

99.0% 

55 

12 

52 

7 

95.0% 

66 

17 

61 

10 

Chi-square  estimate  of  homogeneity  for  the  Mann-Kendall  scores;  less  than  0.0001% 


Oxygen 

Of  the  133  sites  with  sufficient  data  for  the  T-tests,  there  were  many  more  sites  showing  change  (both 
upward  and  downward  trends)  in  measured  O2  than  could  be  explained  by  chance.  The  number  of  sites 
showing  significant  downward  trends  oumumbered  that  showing  significant  upward  trend.  This  conforms 
to  the  results  for  methane  levels,  since  decreases  in  oxygen  are  expected  to  accompany  increases  in  other 
gases  such  as  methane.  However,  the  figures  in  Tables  4 — 6  do  not  match  exactly  those  in  Tables  1—3.  The 
relationship  between  decreasing  oxygen  and  increasing  methane  could  be  confirmed  by  correlating  the 
significance  level  of  trend  at  each  site. 
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Table  4.  Summary  of  T-Test  results,  Oj  for  133  sites  on  the  Southern  Ute  Reservation. 


Significance 

Level 

u 

Number  of 
Sites  with 
Upward 
Trend 

D 

Number  of 
Sites  with 
Downward 
Trend 

U-hD 

Number 
of  Sites 
with  Any 
Trend 

Expected 
Number  of 
Sites  with 
Any  Trend 

Probability  of 
D  out  of  U+D 
Sites 

Decreasing 
(see  Note  3) 

Probability  of 
U+D  Sites 
with  Any 

Trend 

(see  Note  2) 

99.9% 

6 

21 

27 

0 

0.003 

1.08E-53 

99.0% 

16 

31 

47 

1 

0.020 

1.02E-58 

95.0% 

34 

41 

75 

7 

0.244 

3.59E-61 

Table  5.  Sen  and  Mann-Kendall  statistics.  O2  for  183  sites  on  the  Southern  Ute  Reservation. 


Significance 

Level 


Sites  with  Positive 
Sen  estimator 


Sites  with 
Negative 
Sen  estimator 


Sites  with 

Positive 

Mann- 

Kendall 

statistic 


Sites  with  Negative 

Mann-Kendall 

statistic 


99.0% 


44 


10 


51 


95.0% 


11 


60 


17 


65 


Chi-square  estimate  of  homogeneity  for  the  Mann-Kendal 


scores;  less  than  0.0001% 


Hydrogen  Sulfide 

There  were  97  reservation  sites  with  sufficient  measurements  of  H^S  to  compute  T-Tests.  The  number 
showing  sismficant  trends  was  less  dramatic,  but  still  more  than  could  be  expected  by  chance.  Of  the  sites 
showing  sigmflcant  trends,  upward  trends  predominated,  and  the  dominance  was  more  than  could  be 
explained  by  chance.  Results  for  H2  S  trends  at  reser\’ation  sites  are  summarized  in  Table  4. 


Table  6.  Summary  of  T-Test  results.  HjS  for  97  sites  on  the  Southern  Ute  Reservation. 


Significance 

Level 

u 

Number  of 
Sites  with 
Upward 
Trend 

D 

Number  of 
Sites  with 
Downward 
Trend 

U-hD 

Number 
of  Sites 
with  Any 
Trend 

Expected 

Number  of 
Sites  with 
Any  Trend 

Probability  of 

U  out  of  U+D 
Sites 

Increasing 
(see  Note  1 ) 

Probability  of 

U+D  Sites 
with  Any 

Trend 

(see  Note  2) 

99.9% 

3 

0 

3 

0 

0.125 

1 .37E-04 

99.0% 

7 

0 

7 

1 

0.008 

5.85E-05 

95.0% 

10 

2 

12 

5 

0.019 

3.33E-03 
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Flow 


There  were  133  reservation  sites  with  sufficient  measurements  of  vapor  flow  to  compute  T-Tests.  Once 
again,  the  number  showing  significant  trends  was  more  than  could  be  explained  by  chance.  Of  the  sites 
with  significant  trends,  neither  upward-trending  nor  downward-trending  sites  show  a  clear  predominance. 
Results  for  vapor  flow  at  reservation  sites  are  summarized  in  Tables  7-8. 


Table  7.  Summary  of  T-Test  results.  Vapor  Flow  for  133  sites  on  the  Southern  Ute  Reservation. 


Significance 

Level 

u 

Number  of 
Sites  with 
Upward 
Trend 

D 

Number  of 
Sites  with 
Downward 
Trend 

U+D 

Number 
of  Sites 
with  Any 
Trend 

Expected 
Number  of 
Sites  with 
Any  Trend 

Probability  of 

U  out  of  U+D 
Sites 

Increasing 
(see  Note  1) 

Probability  of 
U+D  Sites 
with  Any 

Trend 

(see  Note  2) 

99.9% 

2!  1 

3 

0 

0.875 

3.48E-04 

99.0% 

6  5 

11 

1 

0.726 

1 .23E-07 

95.0% 

10,  21 

31 

7 

0.035 

5.62E-13 

Table  8.  Sen  and  Mann-Kendall  statistics,  Vapor  Flow  for  183  sites  on  the  Southern  Ute 
Reservation. 


Significance 

Level 

Sites  with  Positive 
Sen  estimator 

Sites  with 

Negative 

Sen  estimator 

Sites  with 

Positive 

Mann- 

Kendall 

statistic 

Sites  with  Negative 

Mann-Kendall 

statistic 

99.0% 

15 

0 

22 

0 

95.0% 

23 

1 

33 

1 

Chi-square  estimate  of  homogeneity  for  the  Mann-Kendall  scores:  less  than  0.0001% 


Results — Off  Reservation  Sites 


Methane 

Of  the  non-reservation  sites,  147  had  enough  data  to  permit  analysis  with  the  T  test.  The  available  data 
does  not  show  that  the  number  of  changing,  increasing  and  decreasing  sites  is  more  than  would  be  expected 
by  chance.  The  Sen  and  Mann-Kendall  tests  give  similar  findings.  The  Mann-Kendall  test  does  gives 
some  evidence  of  homogeneity  of  trend  across  sites  in  this  case;  however,  there  is  no  evidence  that  this 
trend  is  anything  but  randomly  fluctuating. 

.An  important  reason  for  lack  of  significance  m  the  off-reserv^ation  sites  appears  to  be  that  the  latter  have 
been  monitored  for  a  much  shorter  period  of  time,  so  that  sample  variances  are  much  larger.  This  makes  it 
more  difficult  for  the  set  of  readings  at  a  site  to  pass  a  T-Test.  Results  for  CH4  levels  at  non-reservation 
sites  are  summarized  in  Tables  6  and  7. 
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Table  9.  Summary  of  T-Test  results,  CBU.LEL  for  147  off-reservation  sites. 


Significance 

Level 

Number  of 
Sites  with 
Upward  Trend 

Number  of 
Sites  with 
Downward 
Trend 

Number  of 
Sites  with  Any 
Trend 

Expected 
Number  of 
Sites  with  Any 
Trend 

99.9% 

0 

0 

0 

0 

99.0% 

0 

2 

2 

1 

95.0% 

0 

2 

2 

7 

Table  10.  Summary  of  T-Test  results,  log(CH4_LEL)  for  147  off-reservation  sites. 


Significance 

Level 

Number  of 
Sites  with 
Upward  Trend 

Number  of 
Sites  with 
Downward 
Trend 

Number  of 
Sites  with  Any 
Trend 

Expected 
Number  of 
Sites  with  Any 
Trend 

99.9% 

0 

0 

0 

0 

99.0% 

0 

0 

0 

1 

95.0% 

1 

0 

1 

7 

Table  11.  Sen  and  Mann-Kendall  statistics,  CH4_LEL  for  147  sites  off  the  Southern  Ute 
Reservation. 


Significance 

Level 

Sites  with  Positive 
Sen  estimator 

Sites  with 

Negative 

Sen  estimator 

Sites  with 

Positive 

Mann- 

Kendall 

statistic 

Sites  with  Negative 

Mann-Kendall 

statistic 

99.0% 

3 

0 

3 

1 

95.0% 

9 

1 

7 

4 

Chi-square  estimate  of  homogeneity  for  the  Mann-Kendall  scores:  about  59%. 


Oxygen 

Oxygen  was  the  only  variable  tor  which  a  statistically  significant  number  of  off-reservation  sites  showed 
either  an  upward  or  a  downward  trend.  Of  the  sites  that  showed  a  trend,  the  sites  wnth  increasing  oxygen 
levels  showed  a  marked  predominance  over  those  with  decreasing  oxygen  levels.  This  is  unexpected,  and 
contrasts  wath  the  results  for  the  sites  on  the  Ute  Reservation.  Results  for  O2  trends  at  non-reservation  sites 
are  summarized  in  Table  8. 
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Table  12.  Summary  of  T-Test  results,  O2  for  147  off-reservation  sites. 


Significance 

Level 

u 

Number  of 
Sites  with 
Upward 
Trend 

D 

Number  of 
Sites  with 
Downward 
Trend 

U+D 

Number 
of  Sites 
with  Any 
Trend 

Expected 

Number  of 
Sites  with 
Any  Trend 

Probability  of 

U  out  of  U+D 
Sites 

Increasing 
(see  Note  1) 

Probability  of 

U+D  Sites  with 
Any  Trend 
(see  Note  2) 

99.9% 

2 

0 

2 

0 

0.250 

8.05E-03 

99.0% 

8 

0 

8 

1 

0.004 

6.47E-05 

95.0% 

26 

T 

27 

7 

2.0E-07 

2.33E-09 

Table  13.  Sen  and  Mann-Kendall  statistics,  O2  for  147  sites  off  the  Southern  Ute  Reservation. 


Significance 

Level 

Sites  with  Positive 
Sen  estimator 

Sites  with 

Negative 

Sen  estimator 

Sites  with 

Positive 

Mann- 

Kendall 

statistic 

Sites  with  Negative 

Mann-Kendall 

statistic 

99.0% 

4 

0 

5 

0 

95.0% 

19 

5 

19 

8 

Chi-square  estimate  of  homogeneity  for  the  Mann-Kendall  scores:  less  than  0.0001%. 


H2S  and  Vapor  Flow 

Very  few  sites  m  the  off-reser\-ation  group  showed  any  significant  trends  m  these  two  variables.  The 
information  is  summarized  in  tlie  following  tables. 

Table  14.  Summary  of  T-Test  results,  HzS  for  52  off-reservation  sites. 


Significance 

Level 

Number  of 
Sites  with 
Upward  Trend 

Number  of  Sites 
with  Downward 
Trend 

Number  of 
Sites  with  Any 
Trend 

Expected 
Number  of  Sites 
with  Any  Trend 

99.9% 

0 

0 

0 

0 

99.0% 

0 

0 

0 

1 

95.0% 

1 

0 

1 

7 

Table  15.  Summary  of  T-Test  results,  flow  for  124  off-reservation  sites. 


Significance 

Level 

Number  of 
Sites  with 
Upward  Trend 

Number  of  Sites 
with  Downward 
Trend 

Number  of 
Sites  with  Any 
Trend 

Expected 
Number  of  Sites 
with  Any  Trend 

99.9% 

0 

0 

0 

0 

99.0% 

0 

0 

0 

1 

95.0% 

1 

0 

1 

7 
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Table  16.  Sen  and  Mann-KendaU  statistics,  flow  for  140  sites  off  the  Southern  Ute  Reservation. 


Significance 

Level 

Sites  with  Positive 
Sen  estimator 

Sites  with 

Negative 

Sen  estimator 

Sites  with 

Positive 

Mann- 

Kendall 

statistic 

Sites  with  Negative 

Mann-Kendall 

statistic 

99.0% 

0 

0 

0 

0 

95.0% 

0 

0 

0 

0 

Chi-square  estimate  of  homogeneity  for  the  Mann-Kendall  scores:  100%. 


Notes  on  the  Measurements 

Methane  (CH4_LEL) 

Before  October  1,  1998,  all  reported  readings  of  CH4_LEL  were  obtained  with  a  Drager  Multi-Pak.  This 
was  replaced  with  an  Industrial  Scientific  ATX-620  for  all  readings  after  October  jI,  1998. 

For  readings  of  combustible  gas,  the  Multi-Pak  has  a  stated  accuracy  of-!-/-  4%  LEL  for  readings  below 
40%  LEL,  and  +/-  10%  of  reading  for  readings  between  40%  and  100%  LEL.  Readings  above  200  ^  LEL 
are  out  of  range  for  the  instrument  and  considered  highly  suspect.  On  the  ATX-620,  readings  above  one 
million  PPM  (more  than  lOOTo  methane  by  volume)  indicate  the  presence  of  ethane  as  well  as  methane. 

The  ATX-620  has  a  stated  accuracy  of  +/-  20%,  or  one  count  if  this  is  greater,  over  the  range  0-100%  LEL, 
and  -t/-  15%,  or  two  counts  if  this  is  greater,  over  the  range  500  to  one  million  PPM.  These  accuracy 
figures  apply  to  temperature  variation  between  -15°  C.  and  -i-40°  C.  At  the  calibration  temperature  of  20 
C.,  accuracy  for  both  the  catalytic  and  infrared  sensors  is  plus  or  minus  5%.  Ground  observers  estimate 
that  most  readings  were  taken  between  -0°  C.  and  25°  C,  so  that  accuracy  is  somewhere  between  five  and 
twenty  percent.  This  information  was  not  used  in  computing  the  statistics  presented  here,  but  may  be 
useful  to  readers  m  evaluating  the  quality  of  the  data. 

During  the  month  of  October  1998,  readings  were  taken  with  both  instruments  as  a  calibration  check.  The 
readings  were  identical  in  43  of  71  cases.  In  all  but  one  of  the  remainmg  27  cases,  the  readings  from  the 
ATX-620  were  higher.  Over  all  71  cases,  the  reading  on  the  ATX-620  averaged  about  13%  higher  than  the 
reading  on  the  Multi-Pak,  with  a  standard  error  of  about  17  percentage  points.  The  discrepancy  is  not 
larger  than  could  be  expected  by  chance,  but  to  be  conservative,  all  methane  LEL  readings  before 
November  1,  1998  were  adjusted  upward  by  ten  percent. 

The  maximum  published  range  for  the  Drager  Multi-Pak  is  100%  of  LEL.  Reported  measurements  of 
greater  than  200%  were  considered  by  field  observers  to  be  likely  caused  by  sensor  contamination  and  not  a 
genuine  reflection  of  soil  vapor  composition.  Statistics  were  computed  based  on  the  measurements  as 
reported,  even  though  the  real  values  might  have  been  much  higher.  Almost  exclusively,  this  affected 
measurements  m  the  period  before  the  cutoff  date.  It  is  possible,  therefore,  that  at  some  of  the  sites  with  an 
apparent  increase,  the  phenomenon  imght  be  an  artifact  caused  by  limitations  of  the  measuring  device.  A 
refinement  for  a  future  version  of  this  report  will  be  to  scan  for  and  identify  those  sites  with  LEL  readings 
greater  than  100%  before  the  cutoff  date.  It  is  our  general  impression,  however,  that  only  a  small  number 
of  sites  will  be  affected. 
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Logarithm  of  CH4_LEL 

The  manufacturers’  published  accuracy  standards  for  both  the  Multi-Pak  and  the  ATX-620  quote  accuracy 
as  percentage  of  measured  CH4_LEL,  rather  than  as  an  absolute  number.  Thus,  higher  readings  are 
expected  to  have  higher  variance.  This  was  confirmed  in  the  process  of  computing  the  T  statistics,  when  it 
was  noticed  that  sample  standard  deviations  had  a  strong  linear  relationship  to  sample  means.  In  such 
situations  it  is  common  practice  to  even  out  variance  by  computing  statistics  on  the  logarithms  of  the 
onginal  data.  We  followed  this  practice.  Readings  of  zero  percent  of  LEL  were  treated  as  havmg  a 
logarithm  of-1.  The  sets  of  increasing  and  decreasing  sites  computed  by  a  T-test  applied  to  the  loganthm 
were  substantially  the  same  as  those  computed  by  a  T-test  on  the  data  itself. 

Oxygen  (O2) 

Measured  as  percentage  of  gas  by  volume.  Normal  atmospheric  gas  is  20.9%  Oxygen.  Stated  accuracy  of 
the  ATX-620  is  +/-  0.5%  at  20'’  C.  Ground  observers  estimate  that  most  readings  were  taken  between  0  C. 

and  25°  C. 

Hydrogen  Sulfide  (HzS) 

Measured  in  parts  per  million.  Stated  accuracy  of  the  ATX-620  is  -^/-  5%  at  20°  C.  Ground  observers 
estimate  that  most  readings  ere  taken  between  0°  C.  and  25°  C.  An  mcrease  m  H2S  may  be  related  to  an 
increase  m  methane,  since  sulfur-reducing  bactena  thrive  in  an  anoxic  environment,  which  could  be  created 
by  a  preponderance  of  methane  stripping  the  soil  of  oxygen. 

Vapor  Flow 

Measured  m  milliliters  per  minute  through  1/4"  diameter  soil  vapor  tube  and  1 8-gauge  needle.  Many  sites 
have  no  measurable  flow. 

Conclusions  and  Further  Work 

The  number  of  Ute  Reservation  sites  with  changes  m  methane  levels  is  a  phenomenon  that  needs 
explanation.  Any  such  explanation  needs  to  account  for  the  sigmficantly  large  number  of  sites  with 
decreasing  methane,  as  well  as  those  at  which  methane  is  increasing.  We  have  provided,  m  the  Appendix 
to  this  report,  a  list  of  sites  with  significant  changes.  It  is  hoped  that  observers  on  the  ground  might  be  able 
to  use  these  Usts  to  help  determine  why  some  sites  are  increasing  and  others  decreasing. 

The  off-reservation  sites  should  continue  to  be  monitored.  Few  trends  are  apparent  in  this  study,  but  the 
sites  m  this  area  have  only  a  third  of  the  number  of  measurements  of  the  reservation  sites.  The  only  trend 
that  appeared  was  the  surprising  number  of  sites  with  mcreasing  O2  levels.  The  magnitude  of  the  mcreases 
was  relatively  small,  and  the  only  site  with  significant  decrease  in  O2  had  a  relatively  large  decrease.  The 
data  should  be  analyzed  to  .see  whether  taking  logarithms  is  appropriate.  Also,  the  site-by-site 
co'rrelation  between  trends  in  O:  and  trends  in  CH4  and  other  variables  should  be  analyzed.  We  have  taken 
the  first  step  in  this  effort  by  making  lists  of  these  sites  (in  the  Appendix.) 

It  would  be  satisfying  to  find  a  model  in  which  some  component  of  soil  vapor  measurement  was  a  function 
of  local  climactic  data,  especially  in  this  region  where  temperature  and  rainfall  can  vary  dramatically 
between  years  as  well  as  between  seasons.  This  is  comphcated  by  the  fact  that  little  climactic  data  is 
available  in  the  sparsely  populated  region  of  the  soil  vapor  study. 
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Appendix 


Tables  2-7  list  the  sites  with  significant  increase  and  decrease  in  each  of  the  measured  variables  for  the  T- 
test  in  the  on-reservation  and  off-reservation  groups.  Explanations  of  the  column  headings  are  as  follows. 

•  nl  and  n2  are  the  number  of  observations  before  and  after  the  cutoff  date  of  July  1,  1998; 

•  ml  and  m2  are  the  means  of  observations  before  and  after  the  cutoff  date; 

•  Deltam  is  the  difference  ni2-ml; 

•  v/and  v2  are  the  sample  variances; 

•  Tval  is  the  T-statistic  (difference  in  mean  divided  by  the  effective  standard  deviation); 

•  Effective  DF  is  the  effective  degrees  of  freedom 

•  Two-sided  T  is  the  probability  mass  of  the  T  distribution  with  DF  degrees  of  freedom  for  ordinate 
values  greater  than  Tval:  i.e.,  the  two-sided  T  statistic,  or  the  probability  that  the  observed  change  m 
mean  might  have  occurred  by  chance. 

The  rows  in  each  table  are  sorted  in  order  of  increasing  probability;  in  other  words,  in  order  of  decreasing 
significance. 


Table  17.  List  of  Ute  Reservation  Sites  with  significant  increase 
column  headings  in  the  first  paragraph  of  the  Appendix. 


Site 

nl 

n2 

ml 

Number 

93 

30 

13 

8.07 

50 

26 

10 

0.76 

284 

3 

13 

223.30 

286 

3 

13 

195.80 

277 

15 

13 

67.39 

138 

31 

13 

184.80 

235 

30 

13 

286.99 

303 

3 

13 

268.77 

230 

27 

11 

1.83 

206 

32 

13 

287.10 

304 

3 

13 

244.93- 

188 

30 

13 

34.21 

282 

5 

13 

265.32 

137 

26 

13 

348.70 

274 

16 

13 

347.26 

306 

3 

13 

182.97 

234 

32 

13 

366.71 

283 

6 

13 

192.13 

23 

32 

13 

368.47 

5 

31 

13 

382.55 

233 

32 

13 

377.47 

275 

16 

13 

386.38 

217 

30 

13 

365.24 

25 

32 

13 

378.88 

88 

26 

13 

371.38 

100 

30 

13 

377.89 

171 

31 

13 

301.40 

196 

30 

13 

237.27 

108 

26 

13 

373.07 

166 

26 

13 

387.58 

199 

32 

13 

354.37 

236 

30 

13 

371.10 

9 

31 

13 

361.19 

232 

32 

13 

371.94 

19 

32 

13 

372.25 

265 

24 

13 

376.84 

96 

26 

13 

383.56 

237 

30 

13 

374.88 

24 

32 

13 

365.58 

in  CItj  LEL.  sorted  by  significance.  See  the  explanation 
m2  Deltam  Tval  Effective  DF 


28.04 

19.97 

4.15 

3.39 

568.28 

344.98 

374.70 

178.90 

238.41 

171.01 

518.29 

333.49 

1386.15 

1099.16 

1704.99 

1436.23 

316.32 

314.48 

1306.75 

1019.65 

1446.02 

1201.08 

197.34 

163.13 

1511.40 

1246.08 

1376.89 

1028.19 

1343.88 

996.62 

368.05 

185.09 

1478.37 

1111.66 

442.26 

250.13 

1378.68 

1010.21 

1508.72 

1126.17 

1289.76 

912.29 

1541.33 

1154.96 

1324.26 

959.02 

1275.92 

897.04 

1594.32 

1222.95 

1425.61 

1047.72 

1125.52 

824.12 

1335.35 

1098.08 

1432.05 

1058.98 

1510.53 

1122.95 

1206.51 

852.14 

1547.77 

1176.67 

1487.58 

1126.39 

1438.25 

1066.32 

1573.66 

1201.41 

1322.01 

945.17 

1194.87 

811.31 

1311.75 

936.87 

1367.96 

1002.38 

5.63 

18 

5.36 

15 

5.39 

12 

5.20 

12 

4.27 

24 

4.58 

17 

5.00 

13 

4.89 

12 

5.23 

10 

4.85 

13 

4.83 

12 

4.67 

14 

4.68 

12 

4.67 

12 

4.54 

13 

4.62 

12 

4.61 

12 

4.59 

12 

4.51 

12 

4.48 

12 

4.48 

12 

4.46 

13 

4.45 

13 

4.44 

12 

4.43 

12 

4.40 

12 

4.39 

13 

4.38 

13 

4.36 

12 

4.36 

12 

4.35 

13 

4.33 

12 

4.31 

12 

4.28 

12 

4.28 

12 

4.25 

13 

4.24 

13 

4.23 

12 

4.21 

12 

of 


2-Sided  T 

0.00% 

0.01% 

0.02% 

0.02% 

0.03% 

0.03% 

0.03% 

0.04% 

0.04% 

0.04% 

0.04% 

0.04% 

0.05% 

0.05% 

0.06% 

0.06% 

0.06% 

0.06% 

0.07% 

0.08% 

0.08% 

0.08% 

0.08% 

0.08% 

0.08% 

0.09% 

0.09% 

0.09% 

0.09% 

0.09% 

0.09% 

0.10% 

0.10% 

0.11% 

0.11% 

0.11% 

0.11% 

0.12% 

0.12% 
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17 
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153 
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25.48 

63.33 

37.85 

94 

32 

13 

283.25 

438.23 

154.98 

208 

30 

13 

108.42 

157.47 

49.05 

273 

17 

13 

317.25 

700.49 

383.24 

288 

4 

13 

247.78 

447.63 

199.86 

205 

29 

13 

4.29 

18.19 

13.91 

167 

31 

13 

235.08 

325.78 

90.70 

250 

26 

13 

345.95 

776.22 

430.27 

223 

30 

13 

30.18 

61.17 

30.99 

Table  18.  List  of  Ute  Reservation  Sites  with  significant  decrease  in 
column  headings  in  the  first  paragraph  of  the  Appendix. 

CH4_LEL,  sorted  by  si 

Site 

Number 

n1 

n2 

ml 

m2 

deitam 

75 

32 

13 

2.75 

0.17- 

-2.58 

218 

30 

13 

156.75 

1.13 

-155.62 

229 

29 

13 

169.29 

24.31 

-144.98 

207 

30 

13 

100.36 

4.55 

-95.81 

6 

31 

13 

52.27 

1.78 

-50.48 

215 

30 

13 

10.01 

0.25 

-9.76 

248 

20 

5 

1.32 

0.00 

-1.32 

213 

24 

5 

2.61 

0.00 

-2.61 

239 

20 

5 

1.10 

0.00 

-1.10 

268 

19 

13 

131.77 

43.88 

-87.88 

216 

30 

13 

6.31 

0.00 

-6.31 

74 

32 

13 

20.66 

0.32 

-20.34 

252 

20 

5 

0.94 

0.00 

-0.94 

241 

20 

5 

0.88 

0.00 

-0.88 

68 

32 

13 

23.07 

3.78 

-19.29 

111 

20 

5 

1.60 

0.20 

-1.40 

214 

25 

5 

0.79 

0.00 

-0.79 

259 

20 

5 

0.66 

0.00 

-0.66 

256 

20 

6 

1.05 

0.17 

-0.88 

180 

26 

13 

4.02 

0.95 

-3.07 

238 

21 

5 

0.89 

0.00 

-0.89 

262 

20 

5 

0.61 

0.00 

-0.61 

243 

20 

5 

0.55 

0.00 

-0.55 

249 

20 

5 

1.82 

0.00 

-1.82 

301 

4 

11 

28.88 

16.92 

-11.96 

224 

23 

5 

6.84 

0.20 

-6.64 

76 

26 

5 

2.28 

0.64 

-1.64 

255 

20 

5 

0.61 

0.00 

-0.61 

222 

24 

5 

0.92 

0.00 

-0.92 

246 

20 

5 

0.55 

0.00 

-0.55 

260 

20 

5 

0.39 

0.00 

-0.39 

242 

21 

5 

1.05 

0.20 

-0.85 

Tval 

Effective  DF 

4.16 

13 

4.08 

12 

4.03 

13 

3.89 

13 

3.78 

13 

3.69 

13 

3.61 

12 

3.45 

15 

3.43 

14 

3.32 

15 

3.41 

13 

3.10 

23 

3.37 

13 

3.11 

16 

2.85 

27 

2.70 

22 

2.62 

15 

2.44 

12 

2.30 

15 

2.10 

43 

2.25 

13 

2.17 

15 

gnificance.  See  the  explanation 


Tval 

Effective  DF 

^.68 

37 

-4.16 

29 

-3.99 

30 

-3.82 

30 

-3.77 

30 

-3.39 

29 

-3.56 

19 

-3.36 

23 

-3.34 

19 

-3.17 

24 

-2.96 

29 

-2.88 

31 

-2.90 

19 

-2.89 

19 

-2.73 

32 

-2.74 

24 

-2.69 

24 

-2.70 

19 

-2.47 

26 

-2.38 

30 

-2.36 

20 

-2.34 

19 

-2.24 

19 

-2.21 

19 

-2.28 

12 

-2.14 

22 

-2.11 

28 

-2.15 

19 

-2.12 

23 

-2.13 

19 

-2.10 

19 

-1.96 

26 

2-Side<j  T 

0.13% 

0.15% 

0.17% 

0.21% 

0.23% 

0.31% 

0.36% 

0.36% 

0.45% 

0.50% 

0.51% 

0.52% 

0.55% 

0.72% 

0.83% 

1.33% 

1.95% 

3.13% 

3.76% 

4.16% 

4.27% 

4.66% 


of 


2-Sided  T 

0.00% 

0.03% 

0.04% 

0.07% 

0.07% 

0.20% 

0.21% 

0.27% 

0.34% 

0.43% 

0.61% 

0.71% 

0.91% 

0.95% 

1.02% 

1.15% 

1.31% 

1.43% 

2.06% 

2.43% 

2.83% 

3.02% 

3.75% 

3.99% 

4.13% 

4.39% 

4.47% 

4.50% 

4.51% 

4.67% 

4.93% 

6.11% 
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Table  19.  List  of  Ute  Reservation  Sites  with  significant  increase  in  logarithm  of  CH4_LEL,  sorted  by  significance.  See  the 
explanation  of  column  headings  in  the  first  paragraph  of  the  Appendix. 


Site 

n1 

n2 

Number 

230 

12 

11 

124 

30 

12 

196 

30 

13 

93 

23 

13 

287 

3 

13 

206 

32 

13 

235 

28 

13 

138 

29 

13 

219 

25 

13 

171 

31 

13 

284 

3 

13 

286 

3 

13 

304 

3 

13 

283 

6 

13 

282 

5 

13 

188 

20 

13 

303 

3 

13 

306 

3 

13 

208 

30 

13 

217 

30 

13 

137 

26 

13 

274 

16 

13 

199 

32 

13 

94 

32 

13 

195 

30 

13 

167 

31 

13 

277 

13 

13 

88 

25 

13 

100 

30 

13 

9 

31 

13 

302 

3 

13 

96 

26 

13 

265 

24 

13 

24 

32 

13 

166 

26 

13 

5 

31 

13 

108 

26 

13 

271 

17 

13 

240 

26 

13 

234 

32 

13 

19 

32 

13 

236 

30 

13 

275 

16 

13 

233 

32 

13 

232 

32 

13 

25 

32 

13 

225 

30 

13 

237 

30 

13 

23 

32 

13 

163 

26 

13 

211 

30 

13 

221 

26 

10 

145 

26 

12 

278 

17 

12 

288 

4 

13 

273 

17 

13 

285 

3 

13 

223 

30 

13 

270 

15 

13 

244 

26 

13 

115 

31 

13 

ml 

m2 

deitam 

1.00 

5.34 

4.34 

2.66 

4.06 

1.40 

4.83 

6.82 

1.99 

1.92 

3.19 

1.27 

2.56 

3.95 

1.39 

5.31 

6.85 

1.55 

5.29 

6.91 

1.62 

4.46 

6.10 

1.64 

3.19 

4.59 

1.40 

5.37 

6.73 

1.36 

5.31 

6.20 

0.89 

5.18 

5.83 

0.65 

5.39 

6.92 

1.52 

5.16 

5.95 

0.79 

5.49 

6.94 

1.46 

3.34 

4.94 

1.60 

5.50 

7.04 

1.54 

5.11 

5.79 

0.67 

4.44 

4.97 

0.53 

5.69 

6.88 

1.19 

5.68 

6.90 

1.22 

5.54 

6.87 

1.32 

5.68 

6.80 

1.11 

5.27 

5.98 

0.71 

3.21 

4.68 

1.47 

4.68 

5.72 

1.04 

3.28 

5.35 

2.07 

5.79 

7.01 

1.22 

5.75 

6.93' 

1.18 

5.71 

6.94 

1.23 

5.44 

6.41 

0.97 

5.74 

6.79 

1.06 

5.76, 

6.87 

1.11 

5.75 

6.89 

1.14 

5.78 

6.97 

1.18 

5.78 

6.97 

1.19 

5.73 

6.91 

1.18 

5.73 

6.95 

1.22 

5.67 

6.70 

1.02 

5.75 

6.94 

1.18 

5.76 

6.97 

1.21 

5.70 

6.95 

1.25 

5.76 

6.97 

1.21 

5.77 

6.85 

1.08 

5.76 

6.91 

1.15 

5.78 

6.84 

1.06 

5.80 

6.79 

0.99 

5.77 

6.84 

1.07 

5.75 

6.87 

1.12 

5.80 

6.78 

0.99 

5.81 

6.59 

0.77 

1.49 

3.22 

1.73 

5.70 

6.70 

1.00 

5.81 

6.88 

1.07 

5.42 

5.91 

0.50 

5.40 

6.27 

0.86 

5.10 

5.59 

0.49 

2.87 

3.72 

0.85 

4.43 

6.11 

1.67 

2.90 

3.46 

0.57 

4.49 

5.34 

0.85 

Tval  1 

Effective  DF 

2-Sided  T 

10.34 

18 

0.00% 

5.22 

40 

0.00% 

5.51 

29 

0.00% 

5.27 

36 

0.00% 

6.27 

15 

0.00% 

5.13 

21 

0.01% 

4.63 

31 

0.01% 

4.44 

38 

0.01% 

4.47 

37 

0.01% 

4.77 

23 

0.01% 

5.78 

12 

0.01% 

5.74 

13 

0.01% 

5.01 

15 

0.02% 

5.14 

12 

0.02% 

5.08 

12 

0.03% 

4.08 

31 

0.03% 

5.01 

12 

0.03% 

4.92 

13 

0.04% 

3.79 

43 

0.05% 

4.31 

16 

0.05% 

4.41 

15 

0.06% 

3.92 

24 

0.06% 

4.25 

15 

0.07% 

3.64 

45 

0.07% 

3.93 

21 

0.08% 

3.66 

35 

0.08% 

4.30 

14 

0.09% 

4.17 

14 

0.09% 

4.17 

15 

0.09% 

4.24 

14 

0.10% 

4.33 

12 

0.10% 

3.95 

17 

0.10% 

4.12 

15 

0.10% 

4.18 

13 

0.11% 

4.09 

14 

0.11% 

4.14 

14 

0.12% 

4.00 

15 

0.12% 

3.92 

16 

0.12% 

3.75 

20 

0.14% 

4.04 

13 

0.14% 

4.04 

13 

0.14% 

3.90 

16 

0.14% 

3.84 

17 

0.14% 

4.02 

14 

0.15% 

3.96 

13 

0.16% 

3.95 

14 

0.17% 

3.84 

14 

0.18% 

3.85 

14 

0.20% 

3.82 

13 

0.21% 

3.58 

15 

0.30% 

3.39 

16 

0.40% 

3.22 

15 

0.57% 

3.31 

12 

0.63% 

3.09 

19 

0.63% 

3.13 

13 

0.86% 

2.80 

30 

0.90% 

2.88 

13 

1.38% 

2.62 

27 

1.45% 

2.53 

25 

1.83% 

2.41 

30 

2.27% 

2.32 

40 

2.58% 

86 
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I 


'  i 


Site 

n1 

n2 

ml 

m2 

deltam 

Tval  Effective  DF 

2-Sided  T 

Number 

220 

30 

13 

3.09 

3.60 

0.51 

2.17  43 

3.59% 

172 

31 

13 

2.20 

3.17 

0.96 

2.16  17 

4.64% 

Table  20.  List  of  Ute  Reservation  Sites  with  significant  decrease  in  logarithm  of  CH4_LEL.  sorted  by  significance.  See  the 
explanation  of  column  headings  in  the  first  paragraph  of  the  Appendix. 

Site 

n1 

n2 

ml 

m2 

deltam 

Tval  Effective  DF 

2-Sided  T 

Number 

218 

24 

8 

3.85 

0.52 

-3.33 

-7.19  26 

0.00% 

6 

21 

8 

3.40 

0.87 

-2.53 

-5.92  29 

0.00% 

74 

25 

3 

2.37 

0.23 

-2.14 

-6.18  14 

0.00% 

103 

16 

6 

1.74 

0.23 

-1.51 

-5.01  22 

0.01% 

229 

29 

13 

4.49 

2.60 

-1.89 

^.75  21 

0.01% 

68 

28 

12 

2.41 

1.17 

-1.25 

^.26  37 

0.01% 

215 

11 

2 

3.03 

0.35 

-2.69 

-6.62  3 

0.70% 

231 

23 

10 

1.56 

0.92 

-0.63 

-2.64  32 

1 .28% 

180 

15 

6 

1.47 

0.53 

-0.94 

-2.77  16 

1 .44% 

268 

19 

13 

4.30 

3.40 

-0.90 

-2.43  32 

2.13% 

Table  21.  List  of  Ute  Reservation  sites  with  significant  increases  in  02.  sorted  by  significance.  See  the  explanation  of  column 
headings  in  the  first  paragraph  of  the  .\ppendix. 


FieldNo 

n1 

n2 

ml 

m2 

deltam 

Tval 

DF 

t2 

218 

30 

13 

15.04 

18.74 

3.70 

6.98 

33 

0.00% 

245 

22 

13 

20.27 

20.75 

0.49 

6.02 

35 

0.00% 

216 

30 

13 

19.51 

20.30 

0.79 

4.96 

40 

0.00% 

207 

29 

13 

17.98 

20.04 

2.06 

4.52 

41 

0.01% 

261 

20 

5 

19.94 

20.58 

■  0.65 

4.25 

25 

0.03% 

74 

32 

13 

19.74 

20.49 

0.75 

3.68 

37 

0.08% 

254 

20 

5 

20.13 

20.74 

0.61 

4.59 

8 

0.18% 

224 

23 

5 

20.03 

20.54 

0.51 

3.44 

28 

0.19% 

103 

31 

12 

20.11 

20.57 

0.46 

3.31 

42 

0.19% 

229 

29 

13 

16.71 

19.13 

2.42 

3.31 

36 

0.22% 

109 

26 

12 

19.74 

20.23 

0.49 

3.26 

34 

0.25% 

262 

20 

5 

18.58 

20.12 

1.54 

3.34 

25 

0.28% 

301 

4 

12 

16.38 

19.43 

3.06 

3.98 

9 

0.32% 

246 

20 

5 

19.99 

20.48 

0.49 

3.11 

25 

0.48% 

228 

24 

5 

20.05 

20.68 

0.63 

3.36 

14 

0.51% 

6 

31 

13 

19.40 

20.12 

0.72 

2.80 

34 

0.84% 

215 

30 

13 

20.06 

20.38 

0.31 

2.70 

41 

1.01% 

255 

20 

5 

20.16 

20.64 

0.48 

3.20 

10 

1.09% 

180 

26 

13 

19.27 

19.89 

0.62 

2.66 

36 

1.16% 

239 

20 

5 

20.18 

20.70 

0.52 

2.99 

12 

1 .23% 

256 

20 

6 

20.12 

20.57 

0.45 

2.63 

24 

1.45% 

226 

25 

5 

20.06 

20.56 

0.50 

2.69 

17 

1.54% 

257 

20 

5 

20.15 

20.62 

0.48 

2.94 

10 

1.65% 

220 

30 

13 

19.18 

20.15 

0.97 

2.52 

33 

1.67% 

231 

30 

13 

19.80 

20.35 

0.55 

2.47 

42 

1.78% 

242 

21 

5 

20.33 

20.72 

0.39 

2.68 

15 

1.80% 

127 

31 

6 

19.95 

20.38 

0.43 

2.66 

12 

2.09% 

44 

27 

5 

19.99 

20.48 

0.49 

2.67 

12 

2.17% 

134 

31 

13 

18.28 

19.59 

1.31 

2.38 

33 

2.37% 

241 

20 

5 

20.07 

20.48 

0.41 

2.35 

13 

3.66% 

99 

31 

13 

20.03 

20.33 

0.30 

2.13 

43 

3.89% 

76 

26 

5 

20.29 

20.68 

0.39 

2.14 

31 

4.03% 

266 

24 

13 

12.78 

16.78 

4.00 

2.10 

30 

4.50% 

68 

32 

13 

19.31 

20.01 

0.70 

2.06 

37 

4.65% 

87 
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Table  22.  List  of  Ute  Reservation  sites  with  signiHcant  decreases  in  02.  sorted  by  significance  level.  See  the  explanation  of 
column  headings  in  the  first  paragraph  of  the  Appendix. 


Site 

Number 

n1 

n2 

ml 

m2 

Deltam 

Tvai 

DF 

196 

30 

13 

10.87 

2.60 

-8.27 

-6.86 

43 

206 

32 

13 

13.02 

4.72 

-8.30 

-6.75 

37 

171 

31 

13 

15.90 

7.98 

-7.92 

-7.32 

19 

199 

32 

13 

8.14 

2.35 

-5.80 

-5.36 

41 

278 

17 

12 

5.12 

1.16 

-3.97 

-5.81 

24 

145 

26 

13 

5.29 

1.75 

-3.54 

-5.25 

34 

172 

31 

13 

18.64 

15.83 

-2.81 

-5.97 

20 

9 

31 

13 

4.29 

1.28 

-3.01 

^.82 

37 

274 

16 

13 

10.34 

4.08 

-6.27 

^.85 

28 

94 

32 

13 

16.76 

14.90 

-1.86 

-4.37 

35 

230 

27 

11 

19.95 

15.94 

-4.02 

-5.99 

11 

138 

31 

13 

17.70 

14.69 

-3.01 

-4.57 

21 

270 

16 

13 

10.43 

2.50 

-7.93 

-4.64 

19 

233 

32 

13 

4.23 

1.30 

-2.93 

-4.01 

45 

96 

26 

13 

10.39 

5.52 

-1.87 

-4.18 

23 

268 

19 

13 

14.72 

10.87 

-3.85 

-3.97 

32 

100 

30 

13 

3.96 

1.22 

-2.74 

-3.82 

43 

235 

30 

13 

11.27 

4.05 

-7.22 

-3.92 

33 

195 

30 

13 

19.50 

16.85 

-2.65 

-4.32 

17 

219 

30 

13 

19.40 

18.55 

-0.86 

-3.87 

27 

303 

3 

13 

2.90 

1.18 

-1.72 

-4.18 

14 

137 

26 

13 

3.69 

1.15 

-2.54 

-3.53 

34 

166 

26 

13 

3.83 

1.15 

-2.68 

-3.37 

35 

194 

24 

9 

19.50 

18.17 

-1.34 

-3.63 

12 

25 

32 

13 

4.86 

1.88 

-2.99 

-3.13 

31 

5 

31 

13 

3.52 

1.42 

-2.11 

-3.11 

28 

188 

30 

13 

18.78 

17.48 

-1.30 

-3.25 

17 

277 

15 

13 

16.64 

14.25 

-2.39 

-3.20 

20 

287 

3 

13 

19.17 

16.45 

-2.71 

-3.20 

16 

236 

30 

13 

3.12 

1.24 

-1.88 

-2.95 

31 

24 

32 

13 

3.41 

1.48 

-1.93 

-2.89 

32 

250 

26 

13 

14.76 

10.32 

-4.43 

-2.96 

15 

211 

30 

13 

12.24 

9.70 

-2.54 

-2.68 

23 

237 

30 

13 

2.80, 

1.15 

-1.65 

-2.56 

43 

217 

30 

13 

6.81 

3.76 

-3.06 

-2.60 

27 

265 

24 

13 

3.75 

1.45 

-2.30 

-2.56 

35 

234 

32 

13 

3.37 

1.43 

-1.93 

-2.59 

25 

153 

31 

13 

19.96 

18.11 

-1.86 

-2.49 

13 

275 

16 

13 

3.58 

1.74 

-1.84 

-2.18 

29 

167 

31 

13 

16.49 

15.53 

-0.96 

-2.10 

44 

271 

17 

13 

3.37 

1.67 

-1.70 

-2.08 

25 

Table  23.  List  of  Ute  Reservation  sites  with  significant  increases 
column  headings  in  the  first  paragraph  of  the  Appendix. 

in  H2S,  sorted 

by  significance  level.  See  the  explanation 

FieldNo 

n1 

n2 

ml 

m2 

Deltam 

Tval 

DF 

199 

32 

13 

47.41 

779.77 

732.36 

8.10 

13 

265 

24 

13 

0.96 

4.08 

3.12 

5.28 

20 

303 

3 

13 

95.67 

475.62 

379.95 

5.35 

12 

306 

3 

13 

0.67 

5.77 

5.10 

3.99 

16 

24 

32 

13 

10.91 

18.62 

7.71 

3.65 

20 

278 

17 

12 

0.29 

3.58 

3.29 

3.81 

13 

9 

31 

13 

294.06 

557.62 

263.55 

3.06 

19 

235 

30 

13 

3.00 

6.00 

3.00 

2.39 

39 

124 

31 

13 

0.23 

1.54 

1.31 

2.29 

14 

286 

3 

13 

0.00 

4.77 

4.77 

2.24 

12 

t2 

0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.00% 
0.01% 
0.01% 
0.02% 
0.02% 
0.02% 
0.04% 
0.04% 
0.04% 
0.04% 
0.05% 
0.06% 
0.09% 
0.13% 
0.19% 
0.35% 
0.38% 
0.42% 
0.47% 
0.47% 
0.59% 
0.61% 
0.70% 
1.03% 
1.34% 
1 .43% 
1.49% 
1 .49% 
1 .58% 
2.82% 
3.78% 
4.13% 
4.76% 


t2 

0.00% 

0.00% 

0.02% 

0.12% 

0.16% 

0.25% 

0.68% 

2.19% 

3.79% 

4.47% 
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Table  24.  List  of  Lite  Reservation  sites  with  significant  decreases  in  H2S,  sorted  by  significance  level.  See  the  explanation  of 
column  headings  in  the  first  paragraph  of  the  Appendix. 


FieldNo 

n1 

n2 

ml 

23 

32 

13 

36.88 

138 

31 

13 

2.10 

m2 

deltam 

Tval 

DF 

21.46 

-15.41 

-2.35 

38 

0.00 

-2.10 

-2.08 

30 

t2 

2.41% 

4.63% 


Table  25.  List  of  Ute  Reservation  sites  with  significant  increases  in  flow,  sorted  by  significance  level.  See  the  explanation  of 
column  headings  in  the  first  paragraph  of  the  Appendix. 


FieldNo 

n1 

n2 

Ml 

137 

24 

13 

1.80 

225 

28 

13 

91.61 

265 

24 

13 

0.64 

100 

28 

13 

4.65 

96 

25 

13 

0.32 

88 

25 

13 

5.07 

108 

25 

13 

10.88 

217 

28 

13 

1.55 

275 

15 

13 

1.69 

5 

27 

13 

3.03 

M2 

deltam 

Tval 

DF 

4.66 

2.85 

3.75 

36 

191.54 

99.93 

3.71 

34 

1.35 

0.71 

3.41 

35 

8.30 

3.65 

2.95 

40 

0.65 

0.33 

2.91 

37 

12.10 

7.03 

2.96 

20 

44.44 

33.56 

2.92 

17 

2.43 

0.88 

2.56 

37 

3.25 

1.56 

2.25 

28 

4.78 

1.75 

2.06 

39 

t2 

0.06% 
0.07% 
0.16% 
0.54% 
0.61% 
0.81% 
1.00% 
1 .49% 
3.26% 
4.62% 


Table  26.  List  of  Ute  Reservation  sites  with  significant  decreases  in  flow,  sorted  by  significance  level.  See  the  explanation  of 
column  headings  in  the  first  paragraph  of  the  .Appendix. 


FieldNo 

n1 

n2 

ml 

m2 

deltam 

Tval 

DF 

t2 

306 

3 

13 

1.38 

0.74 

-0.64 

-7.81 

16 

0.00% 

115 

27 

13 

0.15 

0.02 

-0.13 

-3.45 

32 

0.16% 

124 

27 

13 

0.06 

0.00 

-0.05 

-3.33 

27 

0.26% 

113 

27 

13 

0.12 

0.00 

-0.12 

-3.01 

26 

0.57% 

229 

28 

13 

0.13 

0.00 

-0.13 

-2.93 

27 

0.67% 

214 

23 

5 

0.03 

0.00 

-0.03 

-2.73 

22 

1 .23% 

134 

27 

13 

0.07 

0.00- 

-0.07 

-2.68 

26 

1 .27% 

75 

28 

13 

0.03 

0.00 

-0.03 

-2.61 

28 

1 .47% 

220 

27 

13 

0.09 

0.00 

-0.09 

-2.51 

26 

1.85% 

288 

4 

13 

0.13 

0.03 

-0.11 

-3.05 

7 

1 .85% 

71 

23 

5 

0.04. 

0.00 

-0.04 

-2.50 

22 

2.03% 

224 

20 

5 

0.03 

0.00 

-0.03 

-2.51 

19 

2.15% 

152 

24 

13 

0.07 

0.00 

-0.07 

-2.47 

23 

2.15% 

66 

27 

12 

0.05 

0.00 

-0.05 

-2.31 

26 

2.95% 

255 

20 

5 

0.03 

0.00 

-0.03 

-2.30 

19 

3.28% 

279 

16 

13 

0.09 

0.01 

-0.08 

-2.33 

15 

3.41% 

218 

28 

13 

0.15 

0.04 

-0.11 

-2.20 

34 

3.46% 

268 

19 

12 

0.12 

0.00 

-0.12 

-2.27 

18 

3.54% 

153 

27 

13 

0.04 

0.00 

-0.04 

-2.17 

26 

3.93% 

266 

23 

13 

0.14 

0.05 

-0.09 

-2.12 

31 

4.26% 

210 

27 

13 

0.02 

0.00 

-0.02 

-2.06 

26 

4.96% 

Table  27.  List  of  off-reservation  Sites  with  significant  decrease  in 
column  headings  in  the  first  paragraph  of  the  .Appendix. 

CH4  LEL.  sorted  by  significance.  See  the  explanation  of 

Site 

n1 

n2 

ml 

m2  Deltam 

Tval  Effective  DF  2-Sided  T 

Number 

152 

6 

5 

33.92 

0.00  -33.92 

-6.15  5  0.17% 

151 

6 

5 

12.10 

0.00  -12.10 

-4.18  5  0.87% 
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Table  28.  List  of  ofT-reservation  sites  with  significant  increase  in  02,  sorted  by  significance, 
headings  in  the  first  paragraph  of  the  Appendix. 


FieldNo  n1  n2 

152  6  5 

121  6  6 

149  6  4 

143  5  5 

151  6  5 

144  6  5 

140  6  3 

103  6  6 

135  6  6 

157  6  4 

105  6  6 

139  6  5 

141  6  3 

142  6  5 

115  6  6 

134  5  6 

118  6  6 

122  6  6 

119  6  6 

132  6  6 

153  5  5 

137  5  3 

147  6  6 

148  6  5 

104  6  6 

159  6  5 


ml 

m2 

deltam 

18.6667 

20.8400 

2.1733 

19.3667 

20.4667 

1.1000 

19.3333 

20.2750 

0.9417 

19.4800 

20.4400 

0.9600 

19.2167 

20.5600 

1.3433 

19.2500 

20.4200 

1.1700 

19.7333 

20.8000 

1.0667 

19.5500 

20.5000 

0.9500 

19.2500 

20.2000 

0.9500 

19.8500 

20.8000 

0.9500 

19.6500 

20.4167 

0.7667 

19.6833 

20.9000 

1.2167 

19.5167 

20.5667 

1.0500 

19.5500 

20.5600 

1.0100 

18.0667 

19.4667 

1.4000 

19.1000 

20.2500 

1.1500 

18.7667 

19.8667 

1.1000 

19.7333 

20.6167 

0.8833 

18.7333 

19.7333 

1.0000 

19.7333 

20.6667 

0.9333 

19.7800 

20.5600 

0.7800 

19.6200 

20.6000 

0.9800 

19.5000 

20.3333 

0.8333 

19.4167 

20.0800 

0.6633 

19.3333 

20.1167 

0.7833 

19.4833 

20.3400 

0.8567 

See  the  explanation  of  column 


Tval 

DF 

t2 

8.7018 

6 

0.01% 

5.0442 

11 

0.04% 

4.3714 

8 

0.24% 

5.2063 

5 

0.34% 

3.9349 

6 

0.77% 

3.6773 

7 

0.79% 

3.8084 

7 

0.89% 

3.1814 

10 

0.98% 

3.0582 

12 

1 .09% 

3.9278 

6 

1.11% 

2.9521 

10 

1.62% 

3.4512 

5 

1 .82% 

2.9574 

9 

1 .82% 

2.9557 

9 

1 .83% 

2.6932 

10 

2.26% 

3.5184 

5 

2.45% 

2.7367 

7 

2.91% 

2.6790 

7 

3.16% 

2.5355 

10 

3.19% 

2.7456 

6 

3.35% 

2.5174 

9 

3.60% 

2.6899 

6 

3.61% 

2.3560 

12 

3.81% 

2.3549 

10 

4.30% 

2.2734 

12 

4.40% 

2.3355 

9 

4.78% 

Table  29.  List  of  off-reservation  sites  with  significant  decrease  in  02.  See  the  explanation  of  column  headings  in  the  first 
paragraph  of  the  Appendix. 


FieldNo  n1 

23  6 


n2  ml  m2  deltam  Tvai 

6  13.6000  8.4000  -5.2000  -2.3333 


DF 

10 


t2 

4.18% 


Table  30.  List  of  off-reservation  sites  with  significant  increase  in  H2S.  See  the  explanation  of  column  headings  in  the  first 
paragraph  of  the  Appendix. 


FieldNo 

34 


n1 

6 


n2  ml  M2  deltam  Tval 

6  1.6667  11.1667  9.5000  2.6900 


DF 

6 


t2 

3.61% 


Notes 


1 )  Probability  that  Uor  more  upward  trending  sites  occur  in  a  random  selection  of  size  U^D,  assuming  that  direction  of  trend  at 
each  site  is  independent,  and  that  upward  trending  and  downward  trending  sites  are  equally  likely. 

21  Probability  that  U+D  or  more  of  the  sites  would  show  trends  at  the  given  significance  level,  assuming  that  the  measurements  at 
each  site  are  independent  and  approximately  normally  distributed. 

3)  Probability  that  D  or  more  downward  trending  sites  occur  in  a  random  selection  of  size  L-D,  assuming  that  direction  ot  trend  at 
each  site  is  independent,  and  that  upward  trending  and  downward  trending  sites  are  equally  likely. 


Reference 


[Gilbert,  1987].  Richard  O.  Gilbert,  Statistical  Methods  for  Environmental  Pollution  Monitoring.  New 
York;  Van  Nostrand  Reinho Id. 
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APPENDIX  B 


Maps  and  Cross-Sections:  1 

SAN  JUAN  BASIN 

Showing  location  in  Colorado  and  New  Mexico 

(Fassett,  1971) 
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APPENDIX  B 


Maps  and  Cross-Sections:  2 

SAN  JUAN  BASIN 

Cross-Section  showing  Hogback  Monocline 

(Chafin,  1994  after  Kelly,  1951) 
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Northern  San  Juan  Basin 

CUMULATIVE  CBM  GAS  PRODUCTION  BY  WELL 
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Clinker  Formation  Sequence 
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Sarnecki,  1991 
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Maps  and  Cross-Sections:  7 


Well-Bore  Configuration  Illustrating- Potential  CBM  Gas  Loss 
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Maps  and  Cross-Sections:  8 


CRITICAL  STUDY  AREAS 
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Maps  and  Cross-Sections:  9 

Location  ofCoalgas  and  Water-Monitoring  Wells  -  Pine  River 

(Pine  River  Investigative  Team,  1995) 
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Maps  and  Cross-Sections:  10a,  10b 
Bradenhead  Pressure  of  Gas  Wells,  1994 

Bradenhead  Pressure  >25  psig  with  Groundwater  Methane 
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Maps  and  Cross-Sections:  11 

(Northwestern  San  Juan  Basin  Rim) 
Stressed  Vegetation  Map 
(Southern  Ute  Indian  Land) 
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APPENDIX  B 


Maps  and  Cross-Sections:  12 
Soil  Vapor  Tube  Construction  Diagram 
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APPENDIX  B 

Maps  and  Cross-Sections:  13 

Northern  San  Juan  Basin 

CUMULATIVE  CBM  WATER  PRODUCTION  BY  WELL  (MID- 1999) 

4  WELLS  EXCEED  4,000,000  BBLS 
30  WELLS  EXCEED  950,000  BBLS 
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APPENDIX  B 


Maps  and  Cross-Sections:  15 

FRUITLSND  CBM  DEVELOPMENT  AND  COAL  OUTCROP 

MONITORING  WELL  SYSTEM 
Northern  San  Juan  Basin  Monitoring  Well  Proposed  Locations 
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APPENDIX  C 

Chart  1 

(La  Plata  County) 

CBM  and  COIWENTIONAL  CAS  PRODUCTION 


(COGCC  Charts) 
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Chart  3 


(La  Plata  County) 

Annual  Gas  Production  1970-1998 


(P. I. /Dwights  Energydata,  Inc,  1999) 
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Chart  4 


(La  Plata  County) 

Coalbed  Gas  Wells  Completed  1980-1998 
(P.I/Dwights  Energydata,  Inc.,  1999) 
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Open  Hole  Coalbed  Gas  Well  Completion  Diagram 
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APPENDIX  C 
Charts  7a,7b,7C 

Gas  vs.  Water  Production  from  Coalhed  Wells 
Equilibrium  Adsorption  Isotherm 

(Hobbs.  1993:Price,  1993) 
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Table  3 
GAS  PVT  TABLE 


Pressure 

PSI 

0015 . 00 
0050 . 00 
0100 . 00 
0200 . 00 
0300 . 00 
0400 . 00 
0500.00 
0600.00 
0700 . 00 
0800 . 00 
0900 . 00 
1000 . 00 
1100 . 00 
1200 . 00 
1300 . 00 
1400 . 00 
1500 . 00 
1600 . 00 
1700 . 00 
1800 . 00 


BGT 

RB/MSCF 


187  . 
056  . 
027  . 
013  . 
009. 
006  . 
005. 
004. 
003. 
003. 
002. 
002. 
002 
002 
001 
001 
001 
001 
001 
001 


5124 
0259 
8505 
7639 
0702 
7254 
3211 
3871 
7197 
.2175 
.8266 
.5194 
.2666 
.  0583 
.8840 
.7362 
.6086 
.4987 
.4008 
.3154 


Viscosity 

CP 

.0439 
.  0194 
.0111 
.0116 
.  0117 
.  0117 
.0118 
.  0118 
.0119 
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Gas  Specific  Gravity  (Air  =  1-0) 
Reservoir  Temperature  (Deg.  F) 
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RKPT 
31/ KI 
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1.  coo 
1.000 
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I. 000 
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1.  000 
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i.OCO 
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EQUILIBRIUM  ADSORBTION  ISOTHERMS 


PREDICTED  PRODUCTION  CURVE 

GAS  RATE  VS  TIBE 


Figure  1 
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Charts 
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Conventional  Gas  Wells 
(BLM  Files) 
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Chart  9 


Enhanced  Coalbed  Methane  Recovery 
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Production  Response  to  Nitrogen  Injection  Beginning  January 
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Chart  12 


Valencia  Canyon  Gap 

GAS  COMPOSirrON  -  SOIL  GAS  COLLECTOR 
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Chart  13 

La  Plata  County 

Annual  Soil  Vapor  Methane  Concentration  Cyclical  Trends 
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Chart  14b.  14c 

Soil  Vapor  Trends 
—  Hydrogen  Sulfide  at  Cinder  Buttes 
Methane  One  Mile  South  of  Valencia  Canyon  Gap 
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Chart  15 


Methane  Concentration  Increase  at  Soil  Vapor  Tube 

And 

Water  Production  from  Neighboring  Coalbed  Gas  Wells 
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APPENDIX  C 


Chart  1 6 


CUMULATIVE  WATER  PRODUCTION 


from 


CBM  CAS  WELLS 


In 


The  Ignacio-Bianco  Field 
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Location 

33N-11W-28 
3N-0W-32 
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3N-0W-13 
32N-9W-14 
32N-11W-21 
3N-0W-17 
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3N-0W-16 
3N-0W-16 
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API 

Number 

050670782700 

050670815300 
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050670762900 
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050670697900 
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Cum  Water 
Production 
(Bbl) 

5.555 
5,517 
5,450 
5,314 
5,163 
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4,763 
4,472 
4,310 
4,077 
3,801 
3,739 
3,732 
3,337 
3,243 
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2,742 
2,720 
2,653 

2.556 
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2,333 
2.230 
2,108 
2,054 
1,890 
1,767 
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1,565 
1,182 
1,036 
1,016 
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946 

831 

530 

432 
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0 

0 

0 
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API 

Number 
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050670634600 
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050670739700 

050670798200 

050670714200 
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Cum  Water 
Production 
(Bbl) 

24,881 

23,804 

23,791 

23,247 

22,944 

22,920 

22,878 

21,919 

21,280 

21,099 

21,003 

20,986 

20,729 

20,676 

20,463 

20,232 

19.535 
19,180 
19,149 
19,000 
18,742 
18,431 
18,229 
18,138 
18,133 
18,083 

17.535 
17,332 
17.268 
17,000 
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16,137 
15,957 
15,947 
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13,551 
13,096 
12,086 
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11,472 
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10,258 
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9,369 

9,237 

8,992 

8,578 

8,009 
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34N-7W-21 
33N-11W-12 
32N-8W-5 
32N-8W-9 
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33N-8W-7 
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34N-6W-18 
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32N-6W-16 
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34N-6W-20 
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API 

Number 

050670624300 

050670798100 

050670736900 

050670785100 

050670662600 

050670637300 

050670729900 

050670778000 

050670785800 

050670694700 

050670727700 

050670571300 

050670663100 
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050670752100 

050670636300 

050670752000 

050670760100 
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050670787100 
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Cum  Water 
Production 
(Bbl) 

41,273 

41,229 

40,794 

40,759 

40,727 

40,654 

40,525 

40,345 

40,222 

40,073 

40,023 

39,706 

39,623 

39,426 

38,865 

38,399 

37,332 

37,098 

36.290 
36,271 
36,234 
36,162 
36,115 
36,106 
35,481 
34,819 
34,486 
33,815 
33,262 
33,204 
32,731 
32,614 
32,509 

32.418 
32,287 
32,152 
32,149 
32,003 
31,997 
31,826 
31,311 
31,134 
31,118 
30,650 

30.419 
30,044 
30,042 
29,327 
29,016 
28,805 
28,539 
28,244 
28,216 
26,886 
26,324 

26.291 
26,103 
25,954 
25,518 
25,459 
25,076 
25,067 
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Location 

33N-10W-30 

34N-7W-18 

33N-11W-28 

34N-7W-26 

32N-6W-18 

33N-9W-12 

32N-8W-8 

34N-7W-22 

33N-10W-11 

33N-7W-36 

33N-9W-24 

32N-7W-16 

33N-11W-25 

35N-8W-31 

33N-8W-32 

33N-8W-31 

32N-10W-17 

33N-6W-33 

32N-8W-6 

32N-7W-21 

32N-8W-10 

33N-6W-17 

34N-9W-15 

33N-10W-9 

32N-7W-5 

32N-8W-14 

32N-11W-11 

34N-7W-17 

33N-11W-23 

33N-6W-33 

33N-7W-24 

33N-8W-27 

33N-7W-14 

33N-9W-14 

33N-9W-36 

33N-7W-22 

34N-7W-23 

33N-8W-26 

32N-7W-17 

33N-8W-36 

33N-8W-9 

33N-10W-18 

32N-7W-7 

33N-7W-35 

32N-7W-8 

34N-10W-26 

34N-7W-25 

33N-6W-28 

33N-8W-35 

32N-'IOW-5 

33N-9W-35 

34N-7W-8 

32N-10W-6 

32N-8W-4 

32N-8W-4 

3N-0W-4 

32N-7W-17 

34N-7W-23 

32N-8W-9 

32N-6W-21 

33N-7W-6 

35N-7W-30 


API 

Number 

050670748600 

050670661300 

050670754100 

050670672300 

050670753000 

050670765300 

050670721900 

050670653000 

050670703600 

050670805600 

050670787800 

050670800100 

050670743200 

050670814800 

050670702200 

050670761800 

050670718400 

050670670600 

050670727000 

050670800200 

050670727900 

050670663500 

050670742300 

050670726800 

050670785700 

050670710700 

050670770200 

050670784500 

050670766000 

050670707700 

050670744800' 

050670769200 

050670714400 

050670726400 

050670724200 

050670743400 

050670670300 

050670739300 

050670784200 

050670778200 

050670793300 

050670736000 

050670784300 

050670804500 

050670786800 

050670744400 

050670798800 

050670663900 

050670778100 

050670722200 

050670724000 

050670742500 

050670722300 

050670743600 

050670727200 

050670814900 

050670786700 

050670670200 

050670730100 

050670723900 

050670797700 

050670714800 


Cum  Water 
Production 
(Bbl) 

56,117 

55,914 

55,879 

55,546 

55,513 

55,476 

54,597 

53,810 

53,447 

53,376 

53,334 

52,596 

52,308 

52,275 

52.243 
52,102 
51,708 
50,929 
50,764 
50,744 
50,691 
50,626 
49,703 

49.639 
49,443 
49,324 
49,162 
49,132 
49,095 
48,679 

48.640 
48,527 

48.452 
47,749 
47,748 
47,595 

47.369 
47,178 
47,051 
46,687 
46,417 
46,331 
45,932 
45,699 
45,677 
45,157 
45,014 
44,449 
44,416 
44,375 

44.327 

44.244 
44,115 

43.328 
43,097 
42,910 
42,724 

42.453 
42,311 
41,864 
41,512 

41.369 
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Location 

33N-6W-32 
34N-8W-23 
32N-11W-18 
33N-8W-3 
33N-8W-20 
33N-11W-14 
33N-7W-25 
34N-7W-18 
34N-10W-25 
33N-11W-27 
34N-8W-12 
32N-11W-2 
33N-9W-25 
34N-9W-32 
33N-8W-19 
33N-8W-6 
33N-7W-34 
33N-8W-5 
32N-7W-6 
33N-10W-17 
33N-8W-36 
33N-11W-14 
34N-7W-16 
34N-7W-9 
32N-7W-6 
33N-8W-23 
32N-7W-22 
34N-7W-8 
34N-7W-7 
34N-6W-4 
33N-8W-4 
35N-7W-32 
32N-8W-1 1 
32N-11W-18 
33N-7W-15 
34N-7W-7 
34N-8W-16 
34N-7W-1 0 
32N-7W-18 
33N-10W-34 
32N-11W-6 
34N-6W-31 
32N-6W-9 
32N-8W-1 
33N-7W-32 
33N-9W-35 
33N-8W-1 
34N-7W-4 
34N-7W-19 
34N-8W-12 
34N-6W-10 
32N-7W-8 
33N-6W-19 
33N-6W-19 
34N-7W-9 
35N-8W-26 
33N-7W-23 
32N-11W-12 
33N-6W-17 
34N-10W-26 
33N-8W-27 
33N-7W-12 


API 

Number 

050670664100 

050670791600 

050670773800 

050670790600 

050670789300 

050670740800 

050670744900 

050670784600 

050670744100 

050670782600 

050670754800 

050670770600 

050670727600 

050670807500 

050670745100 

050670791800 

050670699900 

050670799000 

050670758200 

050670765600 

050670772400 

050670740700 

050670792700 

050670720200 

050670793600 

050670790800 

050670799900 

050670785600 

050670685600 

050670733100 

050670786000 

050670723800 

050670709300 

050670788800 

050670739100 

050670718900 

050670790900 

050670632200 

050670710100 

050670721400 

050670767900 

050670648100 

050670763200 

050670708900 

050670745400 

050670724100 

050670786100 

050670750100 

050670684500 

050670769700 

050670781700 

050670783800 

050670702500 

050670665000 

050670722800 

050670779900 

050670741200 

050670762600 

050670663400 

050670744300 

050670769300 

050670714300 


Cum  Water 
Production 
(Bbl) 

69,936 

69,782 

69,585 

69,415 

69,155 

68,876 

68,828 

68,295 

68,006 

67,715 

67,275 

67,204 

67,011 

66,234 

65,902 

65,886 

65,536 

65,301 

64,810 

64,696 

64,620 

64,461 

64,370 

63,480 

63,212 

63,112 

62,512 

62,160 

62,151 

61,915 

61,671 

61,654 

61,465 

61,437 

61,248 

60,950 

60,784 

60,759 

60,747 

60.727 
60,636 
60,596 
60,386 
60,279 
60,278 
60,261 
59,884 
59,792 
59,591 
59,590 
59,343 

58.727 

58.568 
58,403 
58,372 
58,206 
57,868 
57,692 

57.569 
57,471 
56,528 
56,412 
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Location 

32N-10W-20 
33N-11W-13 
32N-7W-18 
34N-7W-9 
32N-8W-8 
32N-9W-1 1 
33N-6W-21 
33N-7W-30 
34N-7W-31 
34N-7W-28 
32N-8W-1 1 
32N-9W-12 
33N-8W-12 
32N-10W-20 
34N-7W-17 
34N-9W-35 
33N-8W-25 
34N-8W-13 
32N-8W-18 
34N-9W-10 
35N-8W-36 
34N-7W-7 
33N-7W-25 
33N-10W-19 
32N-9W-7 
32N-8W-7 
34N-7W-25 
33N-6W-18 
33N-8W-17 
34N-6W-3 
34N-7W-15 
32N-11W-15 
35N-7W-29 
33N-6W-20 
33N-8W-8 
34N-8W-14 
33N-8W-15 
33N-8W-33 
34N-8W-36 
34N-10W-14 
32N-8W-15 
33N-7W-13 
34N-10W-24 
33N-6W-30 
34N-7W-15 
34N-7W-17 
34N-7W-8 
33N-8W-33 
34N-7W^ 
32N-11W-5 
33N-8W-26 
32N-7W-3 
32N-8W-16 
33N-6W-31 
33N-7W-13 
33N-10W-5 
33N-7W-31 
34N-10W-35 
32N-10W-1 
33N-6W-31 
33N-10W-7 
32N-8W-12 


API 

Number 

050670740900 

050670780700 

050670710200 

050670656300 

050670727800 

050670765200 

050670676200 

050670741300 

050670672800 

050670786600 

050670709200 

050670729100 

050670699700 

050670739900 

050670785200 

050670689400 

050670790200 

050670777800 

050670735000 

050670742400 

050670694500 

050670785400 

050670745000 

050670736200 

050670730200 

050670730000 

050670685100 

050670720100 

050670793000 

050670706700 

050670784900' 

050670758400 

050670716800 

050670663600 

050670746000 

050670792800 

050670790000 

050670770700 

050670683200 

050670767000 

050670717900 

050670705000 

050670744000 

050670661100 

050670654400 

050670715400 

050670711400 

050670730400 

050670743100 

050670767100 

050670739200 

050670751800 

050670728400 

050670670500 

050670691600 

050670749100 

050670772500 

050670769900 

050670699500 

050670664000 

050670769500 

050670710400 


Cum  Water 
Production 
(Bbl) 

88,241 

88,082 

88,046 

87,795 

87,738 

87.700 
87,401 
87,295 
86,575 
86,463 

85.701 
85,588 
85,376 
84,627 
84,185 

83.746 
83,548 
83,287 
83,155 
83,136 
83,042 
82,684 
82,621 
81,941 
80,157 

79.880 

79.467 
79,458 
79,227 
79,106 

78.468 
77,804 

77.746 
77,541 

77.368 
77,086 
77,015 
76,424 

76.369 
76,080 
75,961 

75.546 
75,283 
75,226 
74,878 
74,778 
74.430 
74,290 
73,486 
73,268 
71,906 

71.880 
71,750 
71,656 

71.546 
71,285 
71,267 

70.880 
70,650 
70,612 
70,596 
70,111 
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Location 

33N-8W-22 
34N-6W-16 
32N-10W-23 
34N-8W-30 
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32N-12W-13 
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API 

Number 
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Cum  Water 
Production 
(Bbl) 
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110,948 
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105.610 
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99,827 
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Location 

33N-11W-32 
34N-7W-15 
33N-11W-35 
34N-9W-1 1 
33N-9W-10 
32N-8W-21 
35N-6W-30 
33N-7W-33 
33N-7W-19 
32N-10W-4 
34N-9W-15 
32N-8W-22 
33N-7W-19 
33N-9W-16 
34N-10W-21 
33N-8W-3 
34N-8W-16 
34N-8W-26 
32N-9W-1 1 
34N-7W-14 
34N-10W-35 
32N-10W-10 
32N-10W-19 
34N-6W-9 
35N-8W-27 
35N-7W-34 
34N-8W-27 
32N-9W-14 
34N-9W-24 
32N-9W-13 
33N-11W-33 
33N-7W-8 
34N-8W-6 
34N-8W-17 
35N-8W-34 
33N-10W-17 
32N-9W-1 
32N-10W-8 
32N-9W-1 
33N-11W-29 
34N-7W-9 
32N-8W-12 
33N-11W-32 
34N-9W^ 
33N-11W-24 
32N-9W-24 
34N-6W-8 
32N-10W-7 
33N-6W-20 
33N-8W-16 
34N-7W-27 
32N-7W-4 
33N-9W-21 
32N-9W-6 
34N-8W-1 1 
33N-6W-28 
34N-6W-7 
33N-8W-9 
3N-0W-28 
32N-8W-14 
32N-9W-2 
32N-9W-21 


API 

Number 

050670792600 

050670719900 

050670745300 

050670741800 

050670761000 

050670735300 

050670708800 

050670752400 

050670683900 

050670711100 

050670669700 

050670729000 

050670682000 

050670694600 

050670725800 

050670786200 

050670769400 

050670772300 

050670709700 

050670783000 

050670781300 

050670749600 

050670742800 

050670703800 

050670764700 

050670714100 

050670771300 

050670760500 

050670660100 

050670718000 

050670782500' 

050670708000 

050670792900 

050670665700 

050670781500 

050670779300 

050670711500 

050670723500 

050670701700 

050670792400 

050670719100 

050670709400 

050670765900 

050670751300 

050670740600 

050670709900 

050670705800 

050670691500 

050670668400 

050670747800 

050670671300 

050670753500 

050670538200 

050670774900 

050670753800 

050670653900 

050670739500 

050670787900 

050670724800 

050670710800 

050670709500 

050670718100 


Cum  Water 
Production 
(Bbl) 

140,903 

140,659 

139,928 

139,591 

139,086 

138,621 

138,233 

137,880 

137,769 

137,688 

137,545 

137,435 

136,708 

136,575 

136,447 

136,323 

136,241 

136,230 

136,209 

134,879 

134,878 

134,701 

134,564 

134,275 

134,123 

133,815 

133.642 

132.642 
132,048 
131,645 
130,827 
130,513 
130,499 
130,443 
128,779 
128,736 
127,452 
127,161 
126,973 
126,383 
125,593 
125,477 
125,110 
124,102 
123,561 
122,728 
122,704 
122,604 
120,647 
120,212 
120,139 
119,775 
119,457 
119,205 
118,864 
118,364 
116,387 
115,873 
115,799 
115,032 
115,023 
114,381 
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Location 

33N-9W-11 
32N-11W-10 
34N-9W-9 
34N-8W-28 
34N-8W-1 5 
34N-7W-21 
35N-9W-35 
33N-9W-21 
35N-8W-31 
32N-9W-2 
3N-0W-6 
33N-9W-16 
33N-7W-5 
35N-7W-31 
33N-6W-18 
33N-7W-5 
34N-8W-22 
33N-7W-33 
33N-8W-1 
33N-9W-1 1 
33N-9W-29 
34N-6W-5 
33N-11W-22 
35N-7W-25 
32N-10W-18 
34N-9W-25 
33N-11W-20 
33N-10W-29 
34N-7W-27 
34N-9W-31 
33N-8W-23 
34N-6W-3 
32N-7W-10 
33N-10W-33 
33N-6W-29 
33N-6W-30 
33N-8W-5 
33N-7W-27 
33N-11W-24 
34N-10W-36 
33N-10W-1 
35N-7W-27 
32N-7W-9 
32N-11W-16 
34N-8W-28 
34N-8W-34 
34N-7W-8 
32N-9W-23 
33N-8W-2 
32N-7W-3 
34N-8W-13 
33N-9W-12 
33N-9W-10 
33N-8W-8 
32N-11W-1 
33N-7W-31 
34N-7W-7 
35N-7W-33 
32N-11W-7 
34N-7W-6 
33N-6W-29 
32N-10W-22 


API 

Number 

050670748100 

050670737800 

050670665100 

050670737700 

050670768700 

050670670400 

050670689400 

050670731000 

050670778900 

050670709600 

050670797800 

050670541500 

050670702300 

050670692000 

050670667900 

050670707900 

050670770500 

050670752500 

050670787300 

050670748200 

050670735400 

050670733200 

050670704200 

050670707500 

050670691900 

050670742100 

050670780300 

050670736600 

050670652900 

050670744500. 

050670700000 

050670707300 

050670750800 

050670751100 

050670678300 

050670708700 

050670732900 

050670699800 

050670740500 

050670810600 

050670740300 

050670719500 

050670751900 

050670712200 

050670737300 

050670771000 

050670685200 

050670729400 

050670783600 

050670785900 

050670769800 

050670755300 

050670748000 

050670791100 

050670758300 

050670772600 

050670635700 

050670715300 

050670767300 

050670713600 

050670690500 

050670758700 


Cum  Water 
Production 
(Bbl) 

168,232 

167,484 

166,884 

166,178 

165,737 

165,367 

165,193 

164,170 

163,879 

162,286 

162,210 

161,998 

161,711 

161,427 

161,076 

160,892 

159,125 

159,106 

158,736 

157,491 

157.292 
157,260 
157,146 
156,819 
156,507 
156,050 

155.873 
155,703 
155,700 
154,971 
154,929 
154,852 
154,333 
154,240 
154,065 
153,777 
153.768 
152,811 

151.873 

150.420 
149,637 
148,543 
148,521 
148,144 
147,866 
147,793 
147,676 
146,649 
145,100 
144,646 
143,911 
143,851 
143,695 
143,517 

143.420 
143,416 
142,742 
141,887 
141,846 
141,605 

141.292 
141.290 


\  I 
f . 


1 


,  i 


t 


v; 


M  -i . 


.;»: 


I 


'j»r«w  muC 

1«JA 

rK>iTfT30j 

{inm 
STS, far 

oor  ^xoTaoao 

rr-vs^f-u^EE 

oo8\e\cT^r>eo 

o^VVrf-irijCE 

r^eE.t^r 

ooraeflrTta-^ti 

•  a-vyei»t»e 

a\f.upr 

oo'^Vf*‘',xivvac 

aSAVa-'^i^ 

TCT.^dl 

OC^fQ^PTBlj^O 

6NW«f4''i»£ 

Tae.t^r 

r  j^O'eOTciO^U 

?S-W'-»aiCi 

fsr.aar 

00)*!?B30TacX0 

af-wa^iai 

ovr.f^r 

cooreTotiioai. 

tf\dS8t 

S»«nO’f80ct> 

c«is.sjsr 

ooaec^'^aoso 

c^we-visc 

otr^r^f 

coa'r^TcKaodc 

800.  rar 

cwartaoTeoso 

arAve^ee 

ffT  rar 

oc«ei:oTOP!Kjao 

av/T-HSt 

ODOce^taoatj 

t£  ^A'T  i^ae 

t-vO.rar 

Oi)2T830TeOcO 

*Wc-:af.f, 

2138, oar 

WTOTOtcOac 

e-V'/T4U"f 

isr.ssr 

ooaoTve^^ao 

acr  ear 

ooescxo^aoao 

Et-VN': 

ae'.B^r 

ofCT^Totace^ 

r4^844EC 

OQ^at-TOVecifQ 

r<-WQ44e£ 

i:^.v2^4' 

oo^BcvoTgoai 

2T‘V^5£K 

09"  Tar 

Qo^ie'-'oxaoi»> 

garter 

002H'V  j'TEv&.i^O 

era.aar 

00d\/'^0V410d0 

TC-^.t35f 

oi«rf> 

Of^  95' 

oarj:4»^atc*oao ' 

?TS^we-'r>'*e 

fu.aar 

cioe(?5*'''*c'.>t)df 

0£nWfr-l'r£$ 

COT.ctff 

o'seafto^  'Me 

ou^,a2r 

OOe23cOS9taO 

rTe,^5' 

Ona^t'XDXsoeG 

r€-’Vi’  ;it< 

0r;C^T0Xd;*50 

fS-Wi  .'lee 

-od.wir 

ouetoToxoOoc 

C-V^3-H>f 

ef,€.>^r 

■x>ecdxrA»oei) 

out^axoxdc’ao 

CT  V,^»  >»a‘X 

d9C',N?r 

oo£:5\dox3k;af 

QTA‘/r-i>.f€ 

TT';.£c^ 

Oil\f,OX0T8Oa0 

0£.Wd4rteE 

Bex, ear  i 

CUje^L'TOVt)^ 

a-w8-^i5X 

rrfisar 

OC?6$4fc«fTc)Oec 

rS'W7-v;ii. 

csa.rar 

GtK*c4‘  :r>'.  6oe<; 

Vi. 

Oi:^Ocr 

oodOt  BQxsca/^ 

a€  vvor-irtiK; 

Tr:9,'e<i.r 

00tC»frV0T3r»ec 

Kwor.vtee 

:  i^a.epkf 

06aCMC^T»X% 

'.s:-vvr4«j?r 

ooet3'"bxM{i 

fcj^r 

oosxf loxaoeQ 

ooe-vrTQtecec 

ccT 

viOorTTOTeaao 

•  ocmaaxBipac 

s-w*:  •*►£ 

rof^n^iaoao 

oor.^r 

ooaeaxcvBcrao 

oo258Toxsrao 

e.*/^  42e 

rr9.£»^r 

Ona(jt?XgtW)dt^ 

ir-VVC-Hil 

f38,v;W 

Doeaartixaoao 

sr-'M'nee 

?G3 

OOyft^XOTBOdO 

or'At-vtee 

\tt,w 

ojrrsTCTeoao 

oir..e>^r^  > 

00E8<'TC‘TeodC 

r-V/1  rA1££ 

erk.i>r\ 

OOc»*.‘^Tr»Tc^aO 

re-Ax.wtcc 

coftaeac  iarad 

A'V^A4^^^: 

T»eJ^r 

00€enCT9030 

£a-W^-fc13£ 

ooeva^oToOac 

T-Wft4i*f:c 

doo./fcr 

oosarToteoao 

3-WX4fl>£ 

?:as,rM 

ooa‘*>eix)T9oeo 

eS-‘M>4<S£ 

052l^r 

oo\e2Xi'X8oac- 

is-wof-Mse 

151  .'j 

ihF^*  ' 

iiSAnUff  tfni 

Mh 

Location 

32N-10W-15 
35N-8W-32 
33N-9W-19 
34N-8W-5 
32N-9W-15 
32N-8W-22 
33N-10W-19 
33N-10W-31 
32N-8W-15 
35N-7W-30 
33N-11W-23 
35N-6W-33 
35N-8W-30 
34N-9W-35 
35N-8W-36 
32N-9W-20 
34N-9W-8 
34N-10W-27 
32N-8W-17 
33N-9W-19 
32N-9W-13 
34N-8W-35 
35N-8W-26 
35N-6W-21 
33N-11W-26 
35N-8W-22 
34N-8W-15 
32N-11W-10 
33N-9W-9 
34N-6W-7 
33N-10W-1 
33N-9W-31 
33N-10W-28 
34N-9W-1 1 
33N-11W-26 
33N-10W-35 
34N-10W-28 
34N-8W-29 
34N-9W-20 
32N-8W-13 
34N-7W-10 
34N-8W-8 
32N-8W-20 
32N-10W-3 
33N-9W-4 
32N-10W-8 
35N-7W-31 
32N-10W-16 
32N-9W-12 
34N-10W-27 
32N-10W-16 
32N-10W-17 
35N-7W-20 
34N-7W-31 
34N-6W-18 
34N-8W-10 
33N-9W-31 
33N-9W-13 
32N-9W-19 
32N-9W-7 
34N-9W-31 
32N-10W-7 


API 

Number 

050670734200 

050670779000 

050670746200 

050670753700 

050670681300 

050670728900 

050670736100 

050670736700 

050670734600 

050670720400 

050670738600 

050670724500 

050670753900 

050670681700 

050670715800 

050670732600 

050670723700 

050670725000 

050670734500 

050670759900 

050670729300 

050670794400 

050670755100 

050670741400 

050670728200 

050670757800 

050670725900 

050670712100 

050670747900 

050670743000 

050670722400' 

050670763400 

050670735700 

050670697700 

050670706100 

050670700700 

050670764900 

050670668100 

050670684900 

050670710500 

050670672600 

050670773200 

050670735200 

050670749200 

050670702800 

050670718300 

050670694400 

050670729500 

050670729200 

050670764800 

050670734300 

050670756800 

050670717500 

050670687500 

050670745700 

050670661400 

050670791900 

050670788200 

050670739800 

050670764000 

050670714900 

050670718200 


Cum  Water 
Production 
(Bbl) 

210,370 

210,102 

208,585 

208,349 

206,554 

205,958 

205,879 

205,025 

204,739 

204,698 

204,454 

203,497 

203,376 

202,899 

202,342 

201,823 

201,729 

199,991 

199,122 

198,195 

197.313 

196.314 
194,916 
193,630 
193,432 
192,897 
192,434 
192,060 
192,012 
191,801 
191,090 
189,327 
189,000 
187,910 
187,577 
186,839 
186,732 
185,927 
185,296 
183,862 
183,036 
182,332 
182,203 
181,706 
181,013 
180,912 
180,350 
178,817 
177,856 
177,138 
176,994 
176,715 
176,591 
174,172 
173,516 
172,383 
172,199 
170,159 
170,115 
169,735 
169,520 
168,425 
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Location 

33N-10W-32 
34N-9W-1 1 
35N-7W-35 
33N-10W-28 
33N-7W-35 
34N-8W-1 1 
33N-10W-25 
32N-8W-18 
35N-7W-35 
34N-6W-6 
34N-6W-10 
33N-11W-10 
34N-9W-8 
33N-10W-29 
33N-10W-25 
35N-7W-28 
34N-8W-22 
34N-7W-3 
33N-10W-34 
34N-8W-4 
33N-9W-2 
34N-9W-19 
34N-8W-31 
34N-8W-21 
34N-9W-12 
33N-9W-15 
34N-6W-5 
33N-9W-29 
34N-8W-10 
32N-10W-12 
32N-9W-5 
34N-1 OW-29 
33N-7W-16 
32N-10W-10 
32N-10W-2 
34N-9W-33 
34N-9W-3 
34N-9W-10 
33N-11W-29 
33N-10W-27 
32N-11W-9 
32N-11W-5 
34N-9W-7 
32N-8W-16 
32N-7W-1 
34N-9W-3 
33N-7W-26 
34N-9W-2 
35N-9W-36 
33N-11W-29 
34N-8W-14 
34N-8W-33 
34N-9W-7 
32N-10W-11 
33N-7W-30 
35N-8W-23 
33N-11W-13 
35N-7W-19 
34N-9W-18 
32N-7W-9 
34N-8W-1 
32N-9W-15 


API 

Number 

050670736800 

050670703900 

050670696200 

050670759200 

050670698400 

050670633700 

050670773400 

050670734900 

050670765500 

050670718700 

050670706800 

050670713000 

050670723000 

050670752800 

050670726600 

050670716500 

050670777900 

050670718800 

050670757400 

050670767400 

050670696600 

050670696800 

050670704700 

050670700900 

050670785500 

050670730700 

050670713500 

050670764300 

050670754000 

050670719600 

050670734000 

050670725100 

050670682700 

050670761700 

050670700800 

050670698200 

050670708600 

050670778500 

050670765700 

050670722600 

050670705400 

050670767200 

050670669200 

050670734700 

050670803700 

050670775900 

050670701400 

050670775700 

050670746600 

050670792300 

050670670100 

050670777700 

050670791400 

050670708300 

050670702600 

050670759300 

050670738500 

050670717400 

050670727300 

050670750700 

050670745500 

050670681200 


Cum  Water 
Production 
(Bbl) 

247,539 

247,189 

246,521 

246,361 

245.785 
245,402 
245,232 
243,751 
243,677 
243,665 
243,475 
243,219 
242,874 
242,740 
242,445 
241,964 
241,904 
241,428 
241,357 
241,057 

240.834 
240,529 
240,338 
240,265 
239,762 

238.369 
236,164 
235,669 
234,444 

233.933 
230,588 
227,839 
227,168 
227,059 
225,765 
223,292 
222,707 
222,679 
222,230 
221,645 
221,591 
221,210 
220,989 

220.834 

220.785 
219,930 
219,756 
218,790 
218,674 
218,057 

217.934 
217,877 
217,801 
217,435 
217,213 

216.369 
216,344 
215,850 
214,442 
213,579 
211,642 
210,383 
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Location 

32N-6W-18 

33N-9W-32 

34N-9W-28 

35N-6W-28 

34N-8W-29 

33N-9W-8 

34N-9W-20 

34N-10W-13 

33N-10W-20 

33N-9W-4 

32N-8W-17 

34N-8W-23 

33N-7W-28 

32N-9W-22 

32N-10W-14 

32N-9W-16 

34N-9W-15 

33N-10W-36 

33N-10W-36 

34N-10W-21 

34N-9W-13 

33N-8W-13 

35N-7W-22 

33N-10W-14 

33N-10W-20 

34N-9W-2 

33N-9W-7 

33N-11W-20 

32N-10W-14 

33N-10W-26 

33N-11W-27 

33N-9W-3 

35N-8W-23 

33N-10W-2 

34N-9W-9 

34N-9W-13 

33N-11W-32 

33N-9W-32 

33N-7W-18 

34N-8W-15 

34N-9W-23 

34N-7W-1 

35N-6W-19 

33N-10W-13 

34N-10W-11 

32N-10W-24 

32N-10W-3 

35N-6W-33 

33N-7W-20 

33N-7W-17 

0-0-0 

32N-10W-2 

32N-10W-18 

35N-7W-24 

35N-7W-32 

35N-6W-20 

35N-9W-35 

34N-9W-34 

35N-8W-29 

34N-9W-17 

34N-9W-36 

33N-9W-7 


API 

Number 

050670752900 

050670735500 

050670695700 

050670715200 

050670752700 

050670712800 

050670695000 

050670765000 

050670759100 

050670702700 

050670734800 

050670772700 

050670683000 

050670716900 

050670711700 

050670731400 

050670741900 

050670776700 

050670731200 

050670769100 

050670678500 

050670703500 

050670692100 

050670746300 

050670751000 

050670776900 

050670691100 

050670773300 

050670711800 

050670792200 

050670728300 

050670696900 

050670716100 

050670722500 

050670784000 

050670757000 

050670767800 

050670776800 

050670682900 

050670774100 

050670718600 

050670755600 

050670740000 

050670756900 

050670766600 

050670696300 

050670722100 

050670739000 

050670683600 

050670682800 

050670000000 

050670730300 

050670724400 

050670719400 

050670654600 

050670715100 

050670749400 

050670684000 

050670757900 

050670696400 

050670747300 

050670714600 


Cum  Water 
Production 
(Bbl) 

300,598 

300,179 

299,542 

298,853 

295,513 

293,613 

292,418 

292.316 
292,067 
291,139 
290,593 
289,378 
288,939 
288,895 
288,464 
288,158 
286,946 
286,587 

286.316 
284,791 
284,569 
282,027 
281,741 
281,713 
281,327 
280,966 
279,364 
277,863 
274,962 
274,834 
273,824 
271,361 
271,165 

269.563 
269,466 
268,596 
267,786 
266,881 
266,072 
265,147 
264,900 
264,632 
264,457 
264,265 
264,241 
263,865 
262,492 
260,107 
258,329 
257,961 
257,793 
257,100 

256.563 
255,717 
254,867 
254,112 
254,090 
251,514 
251,377 
249,440 
248,782 
248,539 
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Location 

34N-9W-9 
34N-10W-29 
32N-10W-4 
34N-9W-28 
33N-8W-13 
33N-10W-10 
33N-9W-8 
32N-9W-17 
33N-10W-24 
34N-9W-12 
32N-9W-16 
33N-10W-35 
34N-8W-32 
34N-8W-17 
35N-7W-18 
33N-11W-31 
33N-9W-6 
35N-8W-33 
34N-9W-30 
33N-10W-26 
33N-7W-21 
33N-10W-2 
33N-7W-34 
34N-9W-14 
32N-10W-24 
32N-10W-6 
35N-8W-21 
34N-7W-33 
34N-8W-13 
34N-8W-16 
33N-9W-1 
32N-8W-20 
32N-10W-12 
33N-11W-31 
32N-9W-17 
32N-9W-15 
34N-9W-8 
34N-8W-18 
34N-9W-26 
34N-9W-22 
33N-1 OW-15 
33N-9W-30 
33N-10W-33 
34N-8W-32 
34N-9W-27 
33N-11W-31 
33N-8W-2 
32N-1  OW-15 
32N-9W-15 
33N-8W-6 
35N-8W-35 
35N-7W-25 
33N-7W-7 
35N-6W-29 
33N-11W-21 
34N-9W-1 1 
32N-9W-18 
32N-10W-9 
32N-9W-8 
33N-11W-30 
33N-9W-18 
33N-11W-29 


API 

Number 

050670786400 

050670743500 

050670750900 

050670708100 

050670702900 

050670772200 

050670690600 

050670732400 

050670764400 

050670676700 

050670731500 

050670731100 

050670698900 

050670656100 

050670757600 

050670774700 

050670759500 

050670779800 

050670728100 

050670736500 

050670668300 

050670789200 

050670703700 

050670698100 

050670708400 

050670759700 

050670724600 

050670652800 

050670712500 

050670741700 

050670696500' 

050670728500 

050670752100 

050670780400 

050670732300 

050670681000 

050670784100 

050670668600 

050670695400 

050670699400 

050670749300 

050670758900 

050670746500 

050670699000 

050670697200 

050670793800 

050670787000 

050670711900 

050670681100 

050670733600 

050670775300 

050670707600 

050670705200 

050670708200 

050670716300 

050670787400 

050670732500 

050670711600 

050670732100 

050670794000 

050670761100 

050670765800 


Cum  Water 
Production 
(Bbl) 

368,280 

367,918 

367,801 

367,566 

367,372 

367,209 

366,136 

364,458 

363,423 

362,824 

361,930 

360,537 

360,181 

358,608 

349,754 

348,811 

348,492 

348,327 

347,963 

347,204 

343,778 

340,688 

339,496 

339,057 

335,871 

333.896 
333,072 
332,789 
330,676 
330,197 
328,797 
328,751 
328,069 
327,132 
326,817 
325,219 
323,368 
323,182 
322,843 
322,335 
321,481 
318,926 
318,692 
318,080 
317,920 
317,042 
315,610 
314,940 

314.896 
314,331 
313,172 
313,044 
312,044 
309,217 
308,287 
308,090 
307,590 
306,400 
306,130 
305,151 
305,020 
304,072 
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Location 

34N-9W-35 
34N-9W-27 
33N-10W-11 
34N-8W-31 
35N-8W-28 
34N-9W-21 
35N-8W-27 
33N-10W-10 
35N-6W-29 
33N-9W-1 
34N-8W-7 
34N-10W-23 
35N-8W-22 
34N-7W-12 
32N-11W-7 
33N-10W-31 
35N-7W-34 
33N-10W-30 
34N-9W-36 
33N-8W-1 1 
34N-9W-14 
35N-8W-33 
34N-8W-10 
32N-9W-21 
33N-7W-17 
35N-8W-25 
33N-10W-21 
34N-9W-19 
34N-10W-36 
35N-9W-36 
33N-10W-23 
33N-10W-3 
34N-8W-10 
34N-7W-6 
35N-6W-31 
34N-10W-23 
34N-9W-16 
33N-9W-2 
32N-11W-6 
33N-11W-35 
34N-9W-1 
34N-7W-32 
34N-8W-9 
33N-11W-36 
33N-7W-28 
34N-10W-22 
33N-10W-27 
33N-10W-22 
33N-10W-13 
33N-7W-27 
34N-9W-10 
32N-9W-5 
33N-10W-12 
34N-9W-1 
34N-9W-18 
32N-10W-23 
34N-9W-21 
33N-8W-12 
33N-10W-15 
34N-8W-21 
34N-9W-9 
32N-8W-19 


API 

Number 

050670684100 

050670687700 

050670747100 

050670722900 

050670653600 

050670704000 

050670724700 

050670784400 

050670701200 

050670698000 

050670773100 

050670743900 

050670903100 

050670743300 

050670747500 

050670748700 

050670714000 

050670769600 

050670681800 

050670698500 

050670715700 

050670779400 

050670779100 

050670729700 

050670674100 

050670703100 

050670735600 

050670727400 

050670723100 

050670746700 

050670736400' 

050670752600 

050670655900 

050670636200 

050670694800 

050670763800 

050670695200 

050670697600 

050670747400 

050670742900 

050670775800 

050670652700 

050670754500 

050670738900 

050670679900 

050670765100 

050670728800 

050670749000 

050670726500 

050670702400 

050670737900 

050670731300 

050670713300 

050670774200 

050670695900 

050670707200 

050670742000 

050670698600 

050670746400 

050670701000 

050670696000 

050670735100 


Cum  Water 
Production 
(Bbl) 

495,413 

489,182 

488,394 

486,960 

485,671 

484,575 

484,250 

481,551 

477,194 

474,149 

473,581 

473,439 

463,787 

453,233 

451,851 

451,585 

448,625 

448,488 

444,763 

444,400 

441,513 

441.325 

439,224 

436,392 

435.951 
435.293 
435,076 
433,262 
432,375 
430,108 
429,029 

428.952 
427.592 
423,942 
423,584 
422.610 

421.589 
421,117 
418,434 
417,301 
416,609 
414,702 
414,635 

414.589 
409,433 
408,911 
406,677 
406,645 
403,781 
401,962 
399,208 
398.458 
393,355 
386.227 
384,662 
380,968 
375.595 
375,259 
373,945 
372,951 
372,897 
368,746 
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Location 

35N-8W-28 
32N-12W-24 
34N-8W-16 
34N-8W-19 
34N-7W-3 
34N-8W-9 
34N-8W-2 
34N-6W-17 
34N-8W-9 
34N-10W-13 
35N-7W-19 
34N-8W-3 
33N-10W-16 
34N-8W-5 
34N-8W-17 
33N-9W-6 
34N-8W-30 
32N-12W-24 
33N-11W-17 
32N-10W-1 
35N-8W-13 
34N-9W-26 
34N-9W-25 
35N-6W-34 
34N-8W-1 1 
34N-8W-33 
35N-8W-24 
35N-7W-21 
34N-9W-22 
34N-9W-16 
34N-8W-20 
35N-8W-29 
35N-8W-34 
34N-9W-24 
33N-10W-23 
34N-8W-9 
32N-10W-13 
34N-10W-14 
32N-9W-6 
33N-10W-24 
33N-10W-14 
34N-7W-2 
34N-9W-17 
33N-10W-16 
35N-7W-29 
33N-10W-9 
35N-7W-15 
33N-7W-7 
34N-6W-6 
33N-9W-18 
34N-7W-18 
34N-8W-8 
34N-8W-12 
35N-7W-16 
33N-11W-34 
33N-11W-36 
35N-8W-31 
34N-8W-18 
35N-6W-32 
32N-10W-9 
35N-8W-32 
34N-9W-10 


API 

Number 

050670724800 

050670738000 

050670778600 

050670665900 

050670718500 

050670700200 

050670785300 

050670689900 

050670700300 

050670766800 

050670723300 

050670757200 

050670776600 

050670776200 

050670772000 

050670690700 

050670704600 

050670738100 

050670777000 

050670692600 

050670781400 

050670685000 

050670681600 

050670703000 

050670655600 

050670655100 

050670764600 

050670707000 

050670695300 

050670622300 

050670665500 

050670753400 

050670650500 

050670719200 

050670761200 

050670754600 

050670701300 

050670766900 

050670734100 

050670728700 

050670759000 

050670755800 

050670701100 

050670748900 

050670720300 

050670641400 
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Cum  Water 
Production 
(Bbl) 

772.536 

765,221 
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35N-7W-26 
34N-8W-1 8 
35N-6W-32 
35N-7W-20 
34N-8W-1 
34N-7W-10 
35N-6W-30 
34N-8W-2 
35N-8W-35 
35N-7W-21 
35N-7W-18 
34N-10W-12 
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API 

Number 

050670729600 

050670732800 

050670677800 

050670717600 

050670775200 

050670672400 

050670690300 

050670777400 

050670775400 

050670723400 

050670720500 

050670766700 
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Cum  Water 
Production 
(Bbl) 

4,478,775 

4,212,221 

4.105.939 
4,064,567 
3,819,394 
3,197,124 
3,087,349 
2,663,762 
2,288,711 

1.913.939 
1,757,533 
1,626,780 
1,620,953 
1,528,822 
1,514,773 
1,504,176 
1,429,748 
1,410,695 
1,367,197 
1,365,204 
1,253,149 
1,232,225 
1,202,747 
1,172,552 
1,167,208 
1,158,968 
1,135,492 
1,119,122 
1,087,928 
1,052,654 

987,448 

986,087 

962,874 

921,611 

912,105 

909,557 

883,743 

872,678 

869,065 

864,039 

857,839 

853,304 

848,686 

831,482 

826,325 

819,512 

814,974 

805,649 

802,606 
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775,468 

774,302 

772,884 
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APPENDIX  C 

Chart  17 

SIMON  LAND  AND  CATTLE  #I  WDW 
INJECTION  PRESSURE  AND  RATE  PLOT 
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APPENDIX  C 

Chart  18 

HICKERSON  HOT  SPRINGS 

Flow  Ra  te/Tem p  era  ture/ S  tiff  Diagram  of  Water  An  al ysis 
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APPENDIX  C 

Chart  19 


La  Plata  County 

Water  Monitoring  Wells  MS,  and  MB 

in 

Valencia  Canyon  Gap 

(Enervest) 
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APPENDIX  C 

Chart  20 


Potential  Gas  Losses  from  the  Fruitland  Coal  Outcrop 

Valencia  Canyon  Area 
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COMMENTS  REGARDING  THE  VARIOUS  CASES 


Mode!  1 :  Downdip  Fault:  Single  Well  Shut  in  After  40  Years 

The  higher  permeability  cases  peak  earlier,  and  fall  off  faster. 

Nearly  the  same  total  seepage  (7.5  Bcf/mile)  occurs  in  all  cases  >  25  md,  because 
there  is  only  a  finite  amount  of  gas  in  place. 

.  About  45%  of  the  gas  in  place  is  lost  to  seepage  in  Model  1 . 

The  remaining  gas  is  either  produced,  or  locked  up  by  water  head 
below  the  producing  well. 

Model  2:  No  Fault:  7  Wells:  Shallowest  Well  SI  after  40  Years 

The  peak  rate  and  timing  is  about  the  same  for  Mode!  2  as  Model  1 . 

Ultimate  seepage  is  much  greater,  because  there  is  much  more  gas  to  lose. 

Also,  in  Models  2-5,  the  water  can  continue  to  fail  into  the  basin,  thereby  leaving 
more  of  the  remaining  gas  available  to  move  updip  after  production  halts. 

Model  3:  No  Fault:  7  Wells:  All  Wells  SI  after  40  Years 

Model  3  results  are  very  similar  to  Model  2. 

For  low  perm  cases  1-5  md,  slightly  less  long-term  seepage  occurs  in  Model  3. 
This  is  probably  because  of  more  water  left  behind. 

In  the  higher  perm  cases  1 0+  md,  the  long-term  seepage  is  higher  than  Mode!  2. 

Model  4:  No  Fault:  7  Wells;  All  Wells  SI  after  40  Years:  70  bwpd  Recharge 

The  peak  seep  rate  is  reduced  even  with  small  amounts  of  water  recharge. 

Small  amounts  of  recharge  have  a  major  effect  only  on  the  1  md  case, 
in  the  low  k  case,  the  water  helps  to  form  a  new  "stopper"  to  restrict  seepage, 
in  the  other  cases,  the  limited  water  influx  just  runs  down  into  the  basin. 

Model  5:  25  md  Case  w/  Recharge:  7  Weils:  Seepage  in  15%  of  Outcrop 

The  peak  rate  is  lowered  if  seepage  through  the  outcrop  is  restricted, 
but  the  ultimate  seepage  is  nearly  the  same,  because  there  is  still  about  the 
same  amount  of  gas  left  to  seep  out. 
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Gas  Seepage,  Mcfd  per  mile  of  Outcrop 
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Figure  6:  Model  4 

No  Fault;  7  Wells;  All  Wells  SI  after  40  Years;  70  bwpd  Recharge 
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SIMULATION  RESULTS 


Peak  Seepage  Rates,  in  Mcfd  per  mile  of  Outcrop 


Mode!  \  k,  md 

1 

5 

10 

25 

50 

100 

Mode!  1 

66 

310 

607 

1445 

2768 

4577 

Mode!  2 

66 

314 

620 

1515 

2788 

5299 

Mode!  3 

66 

314 

620 

1515 

2788 

5299 

Mode!  4 

32 

233 

485 

1241 

2452 

4773 

Mode!  5 

— 

— 

— 

468 

— 

— 

Cumulative  Seepage  over  200  Years.  Bcf/mile  of  Outcrop 


Mode!  \  k,  md 

1 

5 

10 

25 

50 

100 

Mode!  1 

2.9 

5.7 

6.7 

7.6 

7.5 

7.5 

Mode!  2 

3.7 

10.5 

13.8 

20.0 

27.9 

46.1 

Mode!  3 

3.5 

10.1 

14.0 

20.9 

28.3 

46.7 

Mode!  4 

1.2 

7.7 

11.5 

18.5 

24.6 

33.0 

Mode!  5 

— 

— 

— 

15.5 

— 

— 

Cumulative  Seepage  over  200  Years,  as  %  IGIP 


Mode!  \  k,  md 

1 

5 

10 

25 

50 

100 

Mode!  1 

17% 

34% 

39% 

45% 

44% 

44% 

Mode!  2 

2% 

4% 

6% 

8% 

12% 

19% 

Mode!  3 

1% 

4% 

6% 

9% 

12% 

20% 

Mode!  4 

0% 

3% 

5% 

8% 

10% 

14% 

Mode!  5 

— 

— 

— 

7% 

— 

— 

IGIP  =  16.9  Bcf  in  Mode!  1 ,  238.4  Bcf  in  Models  2-5 
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CONCLUSIONS 


1.  Long-term  gas  seepage  should  be  expected  to  occur  at  the  outcrop  of  the 
Fruitland  coals  in  the  San  Juan  Basin  when  the  following  conditions  are  met: 

a.  The  coals  have  been  dewatered  through  CBM  production. 

b.  A  hydraulic  connection  exists  between  the  down-basin  coals  and  the  outcrop. 
0.  The  outcrop  Is  permeable. 

d.  Recharge  Is  insufficient  to  offset  dropping  water  levels  caused  by  dewatering. 


2.  The  total  amount  of  seepage  is  a  strong  function  of  permeability,  recharge,  and 
the  total  gas  remaining  in  the  coals  at  the  end  of  production. 


3.  The  reason  for  long-term  seepage  is  simple: 

Once  a  pathway  has  been  established  for  gas  to  move  between  the  basin 
and  the  outcrop,  the  system  will  seek  a  new  equilibrium  where  the  gas 
remaining  in  the  coal  long-term  is  held  back  by  whatever  static  pressure 
head  ultimately  occurs. 


4.  Valencia  Canyon  is  different  than  the  Pine  River  area,  where  shallow  seepage 
will  be  restrained  through  water  influx  (pressure  support)  from  the  Pine  River. 
The  west  side  of  the  basin  has  much  less  surface  water  and  groundwater. 


5.  Production  down-basin  will  also  contribute  to  long-term  gas  seepage  at  the 
outcrop  along  the  West  Side,  in  addition  to  shallower  wells  near  the  outcrop. 
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RPPENDIX  C 


Chart  2 1 

Converted  Gas  Well  Monitoring  Data 
Valencia  Canyon  Area 
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Shallow  Monitor  Wells  -  Downhole  Pressure 

(Sentry  0-600#  gauges  used  in  all  wells) 
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APPENDIX  C 

Chart  22 


Valencia  Cap  Soil  Vapor  Collector  -  Flow  Rate  1995-99 
Valencia  Canyon  Slant  Well  Production  1997-99 
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ErierVest  San  Jyan  Operatirigj  LLC 
Valencia  Gap  Collector  »  Gas  Procliiction 
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